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Abstract
Raman spectroscopy is a powerful tool in the field of biomedicine for disease
diagnosis owing to its potential to provide the molecular fingerprint of biological
samples. However due to the inherent weak nature of the Raman process, there is a
constant quest for enhancing the sensitivity of this technique for enhanced diagnostic
efficiency. This thesis focuses on achieving this goal by integrating advanced methods
with Raman spectroscopy.
Firstly this thesis explores the applicability of a laser based fluorescence
suppression technique – Wavelength Modulated Raman Spectroscopy (WMRS) - for
suppressing the broad luminescence background which often obscure the Raman peaks.
The WMRS technique was optimized for its applications in single cell studies and tissue
studies for enhanced sensing without compromising the throughput. It has been
demonstrated that the optimized parameter would help to chemically profile single cell
within 6 s. A two fold enhancement in SNR of Raman bands was demonstrated when
WMRS was implemented in fiber Raman based systems for tissue analysis. The
suitability of WMRS on highly sensitive single molecule detection techniques such as
Surface Enhanced Raman Spectroscopy (SERS) and Surface Enhanced Resonance
Raman Spectroscopy (SERRS) was also explored. Further this optimized technique was
successfully used to address an important biological problem in the field of immunology.
This involved label-free identification of major immune cell subsets from human blood.
Later part of this thesis explores a multimodal approach where Raman
spectroscopy was combined with Optical Coherence Tomography (OCT) for enhanced
diagnostic sensitivity (>10%). This approach was used to successfully discriminate
between ex-vivo adenocarcinoma tissues and normal colon tissues.
Finally this thesis explores the design and implementation of a specialized fiber
Raman probe that is compatible with surgical environments. This probe was originally
developed to be compatible with Magnetic Resonance Imaging (MRI) environment. It
has the potential to be used for performing minimally invasive optical biopsy during
interventional MRI procedures.
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1. Introduction
Raman Spectroscopy is an optical spectroscopic technique that can probe the
vibrational energy levels of molecules. Raman scattering being an inelastic scattering
process can yield spectrally narrow bands, giving the specific chemical or molecular
information regarding the sample. Raman spectroscopy is compatible with biological
samples spurring its application in the field of biology and biochemistry during the early
80’s. Following the success of this new tool in biology, its potential for disease
diagnostics was explored.
However the main limitation of this very powerful technique is its inherent weak
cross-section (only 1 in 106 photons typically scatters inelastically) compared to the
fluorescence process occurring in the same spectral window. This thesis gives a general
overview of Raman spectroscopy and its application in the field of bio-medicine,
followed by various studies on enhancing its sensitivity.
Chapter 2 introduces the basic theory and implementation of Raman
spectroscopy. It discusses the role of Raman spectroscopy in the field of bio-medicine.
This chapter then focuses on the issue of fluorescence and state of the art techniques
used for fluorescence suppression, with a special focus on Wavelength Modulated
Raman Spectroscopy (WMRS). A theoretical description of WMRS is provided
following which the construction of free space based and fiber based Raman systems for
implementing this technique is described.
Chapter 3 discusses the optimization procedure that could be adopted while using
WMRS for biological samples. This study demonstrated a systematic approach for
optimizing the various parameters of WMRS to achieve a reduction in the acquisition
time for potential applications such as higher throughput cell screening. The effect of
parameters such as the modulation amplitude, time constant and total acquisition time on
the Signal to Noise Ratio (SNR) of Raman bands were analysed in this study.
Chapter 4 deals with the implementation of WMRS in fiber based Raman
systems. This helps in suppressing the auto-fluorescence from the tissue sample and
background luminescence from the probe, enhancing the SNR of Raman bands of bone
2and adipose tissues. An algorithm to simultaneously correct for fluctuations in the
fluorescence background due to power fluctuation during wavelength tuning and photo-
bleaching of the sample is also presented.
Chapter 5 moves to the use of WMRS in ultra-sensitive single molecule detection
techniques such as the Surface Enhanced Raman Scattering (SERS) and Surface
Enhanced Resonance Raman scattering techniques (SERRS). SERS is always
accompanied by a continuum emission called the ‘background’ which complicates
analysis and is especially problematic for quantification and automation. This chapter
details how WMRS helps to eliminate this background in SERS and its resonant version,
SERRS.
Followed by various proof of principle studies on WMRS discussed in the
previous chapters, chapter 6 focuses on applying this technique for addressing a real
biomedical problem. This study explored WMRS for identifying major immune cell
subsets. Identifying and distinguishing various types of immune cell subsets is important
in monitoring the status of the immune system in both normal and disease states.
Classically, immune cells are identified using staining methodologies involving
fluorescent-coupled antibodies. This chapter details the feasibility of using WMRS as a
powerful label-free method to distinguish between morphologically similar immune cell
types.
Although Raman spectroscopy is a powerful technique, in some instances it is
not powerful enough to achieve reliable diagnostic sensitivity. The solution to this is to
combine it with other techniques that provide complementary information. Chapter 7
discusses the effectiveness of a multimodal approach where Raman spectroscopy is
combined with OCT to enhance the accuracy of the detection. This multimodal approach
demonstrates the discrimination between normal colon tissue and colonic
adenocarcinoma, using the combined information from Raman spectroscopy and OCT.
Another equal important aspect in translating bio-medical Raman spectroscopy to
clinics is to develop optical probes that are compatible to real clinical and surgical
environments. Chapter 8 details the design and implementation of a novel Raman sensor
that can be used for bio-chemical sensing of tissues during interventional Magnetic
3Resonance Imaging (iMRI) procedures. The probe was specially designed to withstand
the strong static and dynamic magnetic field present in an MR environment.
The final chapter is a summary of how the various approaches detailed in the
previous chapters would help to enhance the applicability of Raman spectroscopy in bio-
medical diagnostics. This is followed by a potential discussion on the future prospect.
42. Bio-medical Raman Spectroscopy – An Overview
2.1 Introduction
Raman spectroscopy is a technique based on the inelastic scattering of light during
light-matter interactions. Raman effect was first observed in the year 1928 by Sir C. V.
Raman for which he received the Nobel Prize in the year 19301. Over the past two
decades, the potential of using this technique for bio-medical diagnostics has been
identified and heavily explored.
Raman spectroscopy relies on the inelastic scattering of light where the spectral
bands are narrower or in other words more specific to the constituent biomolecules,
making it a highly sensitive technique and hence highly desirable for disease diagnosis.
The Raman spectrum obtained from a biological sample can provide information, both
quantitative and qualitative regarding the structure, composition and even interaction of
the macromolecular components. This allows researchers or clinicians to pinpoint the
specific spectral bands which differ when comparing normal to neoplastic or diseased
samples.
This chapter gives a brief description on the classical theory of Raman
spectroscopy. Further the suitability of Raman spectroscopy in the field of bio-medicine
is explored, followed by a brief review of the various manifestations of this technique for
addressing specific biological problems. A systematic discussion of the various
instrumentations for bio-medical Raman spectroscopy is provided. Finally the chapter
focuses on the aspect of the basic Raman processing techniques.
2.2 Basic theory of Raman spectroscopy
When light interacts with matter, it distorts/polarises the cloud of electrons around
the nucleus of the molecule to form a short lived and unstable energy state called the
‘virtual energy level’. During the light-matter interaction most of the photons are
scattered off by the electron cloud without much change in energy since the electrons are
comparatively light. In this case the scattering is elastic and is called the Rayleigh
scattering. However, a very tiny fraction of these photons (10-6 – 10-8) collide with the
5comparatively heavier nucleus of the molecule during which it induces nuclear motion.
This results in an energy exchange between the molecule and the photon that interacts.
In this case the scattering is inelastic and is termed as the Raman scattering2. In Raman
scattering, predominantly the energy is transferred from the photon to the molecule since
at room temperature most of the molecules are at their ground state. The molecule is
now excited to a higher energy state by one vibrational unit. This is called ‘Stokes
scattering’. However, there can be a few molecules in the higher energy level which
transfers its energy to the photon and falls back to the ground level. This is called ‘anti-
Stokes scattering’. The total distribution of the molecules in an energy level is dictated
by the Maxwell-Boltzmann equation given by equation (2-1).
( )expn n n m
m m
N g E E
N g kT
  
   
(2-1)
Where, k is the Boltzmann’s constant (1.3807 x 10-23 JK-1), T is the given
temperature, nN is the number of molecules in the excited vibrational energy level n,
mN is the number of molecules in the ground vibrational energy level m, /n mg is the
degeneracy of the levels in n and m, n mE E is the energy difference between the
vibrational energy levels. It can be seen from equation (2-1), that the population in the
initial states of the material depend on the temperature. Hence the difference between the
intensities of the Raman bands in Stokes and anti-Stokes scattering can be used to
measure the temperature of the sample. Figure 1 shows the Jablonski diagram explaining
the Rayleigh and the Raman scattering processes.
Figure 1: diagram showing the schematic of Rayleigh scattering and Raman scattering processes
during one vibration. g – ground, energy state, e – excited energy state, v - virtual energy state.
6In other words, when the optical electric field of the electromagnetic radiation,
governed by equation (2-2),
0 0cos(2 )E E t (2-2)
Where, 0E is the amplitude and 0 is the frequency of the optical electric
field. When this electric field is incident on a material, a dipole moment (P) is induced.
The strength of the dipole moment depends on the strength of the optical electric field
and the polarizability ( ) of the material. The polarizability in-turn depends on the
molecular structure and the nature of the bonds as shown in equation (2-3).
0 0cos(2 )P E t  (2-3)
Since the ability to perturb the electron cloud of a molecule depends on the
relative position of the individual atom itself, the polarizability in turn is a function of
this instantaneous position of the constituent atoms. The individual atoms in a molecular
bond are confined to specific quantised vibrational modes given by
1( )2vib vibE j h  (2-4)
Where, j is the vibrational quantum number j =0,1,2..., h is the Planck’s
constant, vib is the frequency of the vibrational mode.
The physical displacement of the atom about their equilibrium position due to a
particular vibrational mode may be expressed as
0 cos(2 )vibdQ Q t (2-5)
Where, 0Q is the maximum displacement about the equilibrium position.
This displacement from the equilibrium position is estimated to be around 10%
of the bond length for diatomic molecules. In which case, the polarizability can be
approximated using a Taylor series expansion given by
0 dQQ

 

 

(2-6)
7Incorporating equation (2-5) and (2-6) in equation (2-3) gives,
0 0 0 0 0 0cos(2 ) cos(2 )cos(2 )vibP E t Q E t tQ

   

 

(2-7)
Rearranging equation (2-7) gives
0 0
0 0 0 0 0cos(2 ) {cos[2 ( ) ] cos[2 ( ) ]}2 vib vib
Q EP E t t t
Q

       

    

(2-8)
It can be deduced from equation (2-8) that when light impinges on matter, induced
dipole moments can be created at three different frequencies: 0 , 0( )vib  , 0( )vib  ,
provided 0
Q



. The first scattered frequency corresponds to the Rayleigh frequency
since it is elastic. The last two frequencies correspond to the Raman scattering with the
down shifted frequency corresponding to the Stokes scattering and the up shifted one
corresponding to the anti-Stokes scattering. Also, 0
Q



gives the necessary condition
for Raman scattering to take place2-5. This condition implies that a vibrational
displacement of atoms corresponding to a particular vibrational mode would result in
Raman scattering if a change in polarizability is induced.
Following inferences can be obtained from equation (2-8):
 Scattering intensities of both Rayleigh and Raman processes are linear with
the laser intensity and non-linear Raman scattering can occur at higher
values of 0E .
 Only those vibrations that induce a change in polarizability would result in
Raman scattering, this is the primary selection rule for Raman scattering.
 Raman shifts may be both positive and negative (Stokes and anti-Stokes
scattering).
 Change in
Q


varies significantly between different molecules and different
modes in a molecule, resulting in different Raman scattering intensities.
8Figure 2: Raman spectrum of N-acetyl-p-aminophenol in the fingerprint region. It can be seen that
the Raman bands are spectrally narrow (in the order of 8-9 cm-1).
A Raman spectrum is essentially a series of scattered intensity as a function of
energy difference between the incident and scattered photons. An example of a Raman
spectrum acquired from N-acetyl-p-aminophenol is shown in Figure 2. A Raman signal
is represented as a Raman shift (  ) of the signal with respect to the excitation
wavelength and the shift is represented in wavenumbers (units in cm-1) as shown in
equation (2-9)
Raman shift (cm-1), 1 1
excitation Raman
     (2-9)
From this classical treatment of the Raman process, the number of Raman
photons scattered per second NR (s-1) is given by equation6 (2-10).
0( ) ( )R
d IN SNL
d h


 

(2-10)
Where,
9d
d


= Raman cross section (cm2 molecule-1 sr-1)
 = solid angle (sr-1)
0I = incident laser irradiance (W cm
-2)
 = frequency of the incident light (s-1)
S = the beam cross-section (cm-2)
N = number density of the molecules in the sample volume (molecule cm-3)
L = interaction length of the laser in the sample (cm)
While analysing a Raman spectrum there are three parameters to be considered.
The position of the Raman peak corresponds to the chemical constituent of the sample.
The intensity of the Raman peak can provide information regarding the amount of the
constituent chemical in the sample, while the width of the Raman peak corresponds to
the purity of the constituent chemical. It should be noted that the absolute value of the
last two parameters would be instrument dependent.
Due to its relatively higher intensity, typically the region corresponding to the
Stoke shifted Raman peaks is considered as a standard Raman spectrum. Practically, a
Raman spectrum would consist of two spectral regions – the low wavenumber region
and the high wavenumber region. Spectral region from 400 cm-1 to 1800 cm-1 can be
considered as the low wavenumber region, where the spectral signatures corresponding
to most of the molecular vibrational levels are present and hence this region is often
referred as the “fingerprint region”, as shown in Figure 2. In this region, the typical
Raman peaks are of a few wavenumber in width spectrally, where the characteristic
frequencies of the Raman peak provides the information regarding the chemical
composition of the sample. Thus Raman peaks would be more specific in comparison to
fluorescence peaks from the same sample. The spectral region from 2400 cm-1 to 3800
cm-1 is referred as high wavenumber region. The spectral signatures in this region are
broader than that of the ones in low wavenumber region and often overlap with each
other. The main spectral signatures in this region come from CH-stretching, SH-
stretching, OH-stretching and NH-stretching. The broader peaks makes the information
in this region less specific and makes it necessary to use de-convolution algorithms
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similar to the one used in fluorescence spectroscopy for quantitative analysis of the
spectrum. Hence this region is not used as much as the fingerprint region in most of the
Raman analysis.
The main downside of Raman spectroscopy is the fact that only 1 in 108 photons
interacting with the molecule would scatter inelastically to yield the Raman signal.
Further, this weak Raman signal may get obscured in the presence of the strong
fluorescence signal occurring in the same spectral window, which is essentially the low
wave number fingerprint region.
Raman spectroscopy is used as a potential tool for chemical analysis in a
variety of fields including environmental studies, toxicity studies, forensic studies,
quality control and diagnostic control in chemistry. The advent of Raman spectroscopy
in the field of biology is recent, a technology drive in the area of lasers, CCD detectors
have played a key role in taking this technique to a level where it could be applied for
biological problems.
2.3 Biomedical applications of Raman spectroscopy
Several optical techniques are now playing a major role in the field of disease
diagnosis and consequent treatment. In the field of disease diagnosis there is a constant
quest for newer and advanced techniques that would improve the quality of treatment
such as early diagnosis, reduced in-patient time and less post-operative pain and
discomfort. Improvement in any of these factors would be of paramount help in the
health sector.
Optical spectroscopic techniques can provide information about chemical
composition of biological samples. When compared to other spectroscopic techniques
such as absorption spectroscopy or fluorescence spectroscopy, Raman spectroscopy has
several advantages when using it to analyse biological samples, making it a desirable
spectroscopic tool in the field of biomedicine. The advancements in sources and
detectors over past two decades played a crucial role to further the applicability of this
technique.
One of the main advantages of Raman spectroscopy is its high chemical specificity.
The ability for Raman spectroscopy to simultaneously provide information about
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multiple components in a sample (as shown in Figure 2) makes it a desirable technique
to chemically fingerprint biological samples. In the case of cells or tissues, the obtained
Raman spectra consist of Raman bands, revealing detailed information about its
macromolecular composition which includes the details of DNA, RNA, proteins and
lipids. The unique molecular finger print obtained using Raman spectroscopy reflects
any change in the chemical composition, which would have a direct correlation to the
disease state of the biological sample under consideration, as shown in Figure 3. This
allows better sensitivity in terms of diagnosis7.
Figure 3: Mean Raman spectra from all bladder specimens studied, grouped by pathology. Spectra
have been normalised to the intensity of the 1446 cm-1 peak (8 reprinted with permission from Wiley
Inc.).
Being a scattering process, the excitation wavelength of Raman spectroscopy can
be chosen, independent of the absorption spectrum of the molecule under consideration.
This provides the freedom to ensure that the excitation wavelength of Raman
spectroscopy is within the therapeutic window which lies in the near infra-red (NIR)
region. NIR Raman spectroscopy ensures minimal photo-damage to the sample under
study making in suitable for non-invasive, non-destructive optical analysis of biological
samples. Additionally, as water is a weak Raman scatterer, it gives minimum
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interference in biological Raman spectra, considering the fact that cells and tissues
contain a considerable amount of water inside it 2, 9. Also this makes it possible to
perform Raman spectroscopy of cells which are in their natural aqueous environment.
Another key factor of Raman spectroscopy is its label-free nature. It does not
require any optical labelling of the sample making it advantageous for biomedical and
clinical application ruling out any damage to the sample induced by external agents/tags
such as the fluorescent dyes10.
Raman spectroscopy is compatible with conventional microscopic imaging
modalities which is an important factor that makes it suitable for sample analysis in
biology. It provides the unique opportunity to collect the signal from individual cells
using confocal microscopy10. However, it should be noted that the Raman signal is
weak in general and is often over shadowed by the strong luminescence background and
stray light. This makes it necessary to implement methods that would improve the
Raman signal strength amidst the background. There have been several variations of
Raman spectroscopy developed in the past decade in-order to address various biomedical
questions.
For specific biomedical applications Raman spectroscopy has been implemented in
a variety of formats. This ranges from microscope based systems for single cell studies
to fiber based systems for in vivo tissue analysis. Single cell studies using Raman
spectroscopy ranges from understanding the fundamental biological dynamics to label
free identification of cells for in vitro disease diagnosis. When it comes to obtaining
chemical fingerprint from tissues, fiber based probes are preferred. The research in the
frontiers of biomedical Raman spectroscopy comprises of a wide area ranging from
understanding the basic biological problem to disease diagnosis. Covering the entire
spectrum of research in this area is beyond the scope of this thesis. Hence the following
sections would mainly focus on implementations of Raman spectroscopy that would be
of interest for the studies discussed in the later part of this thesis.
2.3.1 Raman Tweezers Spectroscopy
As mentioned before Raman spectroscopy is inherently compatible with
biological microscope, hence a confocal Raman microscope is an ideal system for single
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cell analysis. In confocal micro-Raman spectroscopy, a pinhole conjugate to the focal
point (confocal aperture) facilitates the collection of the Raman signal rejecting the
unwanted out of focus background and fluorescence both axially and laterally from
reaching the detector10-12.
Figure 4: The confocal Raman spectroscopy set-up with dual tweezers (13 Reprinted with permission
from Elsevier). A 1064 nm laser was used for trapping the micro-particles/cells and a 785 nm diode
laser provided the Raman excitation.
When studying single cells or a single sub-cellular component, it is important to
confine the sample of interest within the Raman collection region. This is of special
importance when Raman spectra need to be obtained from non-adherent cells.
Combining micro-Raman spectroscopy with optical trapping enables micro-
manipulation at single cellular or sub-cellular level, resulting in a technique called
micro-Raman tweezers, which was first demonstrated in the late 1990s on organic
micro-droplet samples14, 15. This combination also allows isolating the cell sample away
from the substrate, which will eliminate the background contribution from the substrate
in the Raman signature of the cells14, 15. Typical example of such a configuration
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includes studies on the oxygenation cycle of red blood cells (RBC), which was
demonstrated in a microfluidic platform16.
There are two main approaches in realizing confocal micro-Raman tweezers. The
first approach uses the same laser beam for trapping and Raman excitation. The second
approach is to use a dual-beam system, where one laser beam (typically λ=1064 nm) is 
used for trapping and another laser beam for Raman excitation, as shown in Figure 4.
This offers more flexibility, since both the power requirement and the time of exposure
requirement are different for both trapping and Raman spectroscopy.
Figure 5: Different optical configurations for a laser-tweezers Raman spectroscopy system (a) a
single laser or collinear dual laser beam optical trap (b) a dual-beam counter-propagating laser trap
(c) a dual fiber-coupled laser trap with a Raman probe beam normal to the fiber axis, (10 Reprinted
with permission from Wiley Inc.) The choice of the configuration is a trade-off between the amount
of power required to trap a specific sample and minimal destruction of the sample during Raman
measurements.
Another version of the dual-beam approach is to use an orthogonal configuration
of the Raman beam and the trapping beam, where the trapping may be realised by two
counter-propagating diverging beams emanating from single mode optical fibres and the
Raman beam may be delivered orthogonally through a high numerical aperture objective
as shown in Figure 517, 18. This is more compatible with microfluidic systems for
potential Raman flow based analysis or sorting. A typical example includes a study
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where a PDMS based microfluidic system incorporated with a dual fiber optical trap to
trap Human Promyelocytic Leukemia cells (HL60) in a confocal Raman system was
used19. It only requires few 10s of mW of power in the IR region to achieve three
dimensional trapping of micro-particles. In the case where cellular dynamics are
observed over a longer period of time, trapping cells with such a power level will not
create any photo-damage to the cells. Typically Raman spectroscopy requires power
levels close to 100 mW to obtain a signal with reasonably good SNR from single cells
and the acquisition time need to be only few seconds, which again would not induce any
photo-damage to the sample of interest. This makes the latter approach more desirable 14.
One of the first approaches where a single beam was utilised for a combined
Laser Tweezers and Raman Spectroscopy (LTRS) utilised a 785 nm wavelength-
stabilised, beam shape-circulated semiconductor diode laser. A 100X high numerical
aperture objective (N.A = 1.3) was used to form an optical trap and to provide
simultaneous Raman excitation. A power-switching scheme was utilised to reduce the
effective laser power illuminated while trapping. Spatial filtering was used to enhance
the beam quality of the laser beam to achieve efficient trapping20. This system was used
for observing the dynamics of living cells such as yeast and bacteria to thermal
variations in their environment21, 22. The dual wavelength setup allows continuous
trapping of a single cell for over two hours without incurring photo-damage to the cell13.
Such systems were in turn used for a variety of single cellular studies. Some of the
examples include real-time detection of hyperosmotic stress response in optically
trapped single yeast cells23 and monitoring of the lag phase and G1 phase of a single
yeast cell24.
The technique of micro-Raman tweezers has become a widely used technique for
studying the chemical dynamics of a single cell. The ability to manipulate samples at
single cellular level while acquiring Raman signal also paves the way to developing
Raman activated cell sorting devices 18, 25. Research attempts are currently undergoing to
develop a Raman Activated Cell Sorter (RACS) by combining Raman tweezers with
microfluidics. A typical example for such a system is shown in Figure 6. Few early
prototypes include a system to sort algae using Raman tweezers with a line trap deflector
26, a system to identify and differentiate tumour cells where a dual beam trap in a
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microfluidic and micro-Raman system was combined for obtaining chemical fingerprint
from cells18 and a system to profile carbon dioxide fixing micro-organisms using
resonance Raman spectroscopy combined with microfluidics25.
Figure 6: (a) Raman chip 2 (RC2) made from borofloat33 glass encompassing a sample channel, two
channels for hydrodynamic flow focussing, four channels for laser fibres and two channels for cell
sorting (b) Trapping structure with flow speed modification cavity. Stroboscope view of single cell
movement. (c) Hydrodynamic cell focusing by introduction of a sheath flow. The cell stream is
focused in the middle of the subsequent structures. (d) Single cell separation from reservoir of high
cell concentration. Stroboscope view of single cell movement (18 Reprinted with permission from
Royal Society of Chemistry). A typical example of Raman tweezers in conjugation with microfluid-
ics towards a high throughput platform for Raman sorting is shown here.
The prospect of achieving a cell sorter which does not require tagging the
samples with external dyes makes RACS a desirable technique. This opens up avenues
for sorting cells that cannot be sorted with existing techniques such as fluorescence
activated flow Cytometry (FACS). However the main challenge in realizing an efficient
RACS system is the throughput, which is mainly limited due to relatively high
acquisition time (in order of few seconds) required for Raman spectroscopy. The current
attempts aim to translate the RACS technique from the laboratory to the bench-top.
Miniaturization of the device would be one of the main criteria in such a transition.
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2.3.2 Fiber Raman Probes
The practical use of any optical technique developed for bio-medical applications
are realised when it is translated for clinical studies. Fiber based optical probes play a
crucial role in translating optical diagnostic and treatment techniques for in vivo
applications. The compatibility of Raman spectroscopy with fiber based systems resulted
in development of a variety of fiber Raman probes for biomedical applications. The
flexibility of these probes allows Raman measurements even from hard to reach regions
of human body. Compared to other optical fiber probes, designing a Raman fiber probe
is more challenging owing to the low intensity of Raman sisnal and the background
luminescence that may be generated within the optical fiber itself. So Raman fiber probe
designs should be optimised for maximum collection efficiency while ensuring to reduce
the background luminescence generation from the optical fibres.
Figure 7: Schematic diagram of a typical compact clinical Raman system. The filtering unit is
usually housed at the probe head. The specifications of the excitation and collection fiber vary
depending on the application. Typically a single excitation fiber is surrounded by several collection
fibres to enhance the collection efficiency.
A typical fiber Raman probe would consist of three main parts: one is the fiber
end through which the excitation beam is coupled from the laser, the other fiber end
delivers the Raman photons scattered from the sample to the spectrometer or
monochromator and finally the probe head which essentially consist of the other two
18
terminals of both the excitation and collection fibres which comes in contact with the
sample. A schematic of a typical compact clinical fiber based Raman system is shown in
Figure 7. As mentioned before, there can be a significant luminescence background
generated within the optical fibres. To avoid this, typically filters are placed at the probe
head. A laser line filter at the tip of the excitation fiber will filter out the fluorescence
background excited within the excitation fiber. A Rayleigh rejection filter at the
collection part of the probe head would avoid excitation wavelength getting coupled into
the collection fibres, avoiding any further excitation of fluorescence signal within the
collection fiber27. A detailed discussion on the design considerations for a fiber Raman
probe is given in section 2.5.2.
Although these are the generic design considerations while designing Raman
probes, depending on the specific applications there have been several designs proposed
for performing Raman spectroscopy using fiber Raman probes. Following are the brief
discussions on some basic Raman probe designs that are relevant for its application in
biomedicine.
One of the designs utilised separate fibres for excitation and collection with band
pass filter at the excitation path of the fiber and long pass filter at the collection path of
the fiber bundle. In this configuration the excitation and the collection fiber tips are
placed at an angle (400) to each other such that the excitation and the collection volume
overlapped significantly. This configuration was successfully implemented and used
extensively for skin cancer studies28, 29. The optical layout of this system is shown in
Figure 8.
Figure 8: Optical layout of the skin Raman probe (29 Reprinted with permission from Optical
Society of America). The excitation arm consists of a collimation lens, a bandpass filter and a
focusing lens to deliver the laser light onto the skin surface. The collection arm consists of a collimat-
ing and refocusing lens and a holographic notch filter. The collimating lens was positioned in such a
way that its focal point was located at the skin surface.
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Another interesting geometry consisted of a compound parabolic concentrator
(CPC) at the distal end of the probe. This enhanced the collection efficiency by six folds.
This system incorporated an 830 nm diode laser that was coupled with a mirror and a
dichroic beam splitter onto the sample site. The Raman photons that exit the CPC are
further collimated with a lens. Dichroic mirror and additional filters in the collection
path further purifies the collected Raman photons30. This configuration is shown in
Figure 9. The downside of the two designs mentioned before is the fact that the probe
head size would be typically >10 mm. Hence this may not be compatible with catheters
and biopsy needles to probe inside of human body.
Figure 9:Arrangement of the integrated CPC-Raman collection system: (a) excitation fiber, (b)
filters, (c) CPC, (d) field lenses placed to prevent vignetting of signal;(e) collection fiber bundle; (f)
spectrometer and CCD detector (30 Reprinted with permission from Optical Society of America).
Optical configuration of the fiber probe with CPC at the distal end is shown here.
Another important and widely used geometry is the one in which there is a
central excitation fiber with several collection fibres surrounding it with a sapphire ball
lens at the tip. Usually an Aluminium jacket is provided around the central fiber to
prevent any cross-talk between them. The appropriate filters for the excitation and
collection are provided at the tip of the probe head, just ahead of the sapphire ball lens31.
This design has the potential for miniaturization and hence may be adapted for
performing minimally invasive optical biopsy.
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Figure 10: Schematic of the Raman probe tip, showing a longitudinal view at the left and a trans-
verse cross section at the fiber-filter interface at the right. Ball lens B is in contact with the filter
module that couples to the fiber bundle (31 Reprinted with permission from Optical Society of
America).
Chemical profiling of tissues using fiber Raman probe has two main applications.
One is for detecting the composition of plaque deposit in aorta32. Plaques which get
deposited in aorta may be of different types. While some of them are dangerous, some of
them do not pose significant threat. Although the chemical composition of these plaques
is quite different, it is not easy to discriminate between them using conventional
endoscopic imaging. Endoscopic fiber based Raman probes can play a crucial role in
identifying different types of plaque deposits especially considering the fact that they
have relatively good Raman cross-section.
The second application is the one which has been explored extensively over past
two decades. This is the use of Raman spectroscopy for the discrimination of normal and
abnormal tissue types for cancer and pre-cancer diagnostics33. The basic idea behind
such studies is the fact that the fundamental chemical composition of tissues may be
different for normal and carcinoma tissues. Typically in cancerous cells, nucleic
components would be higher to its normal counterpart while lipid content would be
relatively less. Raman peaks corresponding to Deoxyribonucleic acid (DNA) and lipid
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may be considered as biomarker to differentiate between normal and abnormal tissue
types33. The advancements in the fiber design in conjugation with effective laser systems
and spectrometers have fostered the usage of fiber Raman probe even in clinics to
demonstrate its ability for cancer and pre-cancer detection. Such systems have been
successfully demonstrated for both ex vivo and in vivo studies on a variety of human
tissue samples such as breast34, 35, cervix36, 37, lung38, 39, bladder40, 41, oesophagus42, 43.
Although these studies proves the effectiveness of Raman spectroscopy to be used for
cancer diagnostics at a proof of principle level, further efforts are required to enhanced
the accuracy of this technique and to understand the exact biomarkers that helps to
achieve such differentiation. Unlike conventional histopathology where information at
cellular level is presented visually, Raman spectroscopy does not provide visual
information. This makes it necessary to develop ways for suitable representation of the
information that would be acceptable for clinicians44.
2.4 Raman Instrumentation
This section details the basic components for Raman instrumentation which
includes the laser sources, the spectrometers and the detectors. This section focuses on
the parameters for choosing a laser source, the different spectrometer configurations and
the different detectors used in conjugation with Raman spectroscopy. Although this is a
generic discussion about Raman instrumentation, special focus is given to the aspects
that are relevant to the studies discussed in the following chapters.
2.4.1 Laser sources for Raman spectroscopy
The Raman process is based on the inelastic scattering of photons. Hence the
excitation wavelength does not depend on the absorption characteristics of the probing
molecules. Biological samples are notorious for their high fluorescence cross-section in
the visible region and hence wavelength closer to or greater than the Near Infra-Red
(NIR) region is preferred for their analysis. Choice of NIR wavelength reduces the
fluorescence effect due to lower absorption at this region, along with reducing any
adverse photochemical damage to the sample. Usage of wavelengths higher than this is
difficult with Si detectors since the photon energy in this regime is less than the silicon
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band-gap and hence this demands the usage of detectors with lower band-gap such as the
Indium-Gallium-Arsenide (InGaAs) detectors3.
However, it should be noted that the Raman intensity varies inversely with the
fourth power of the excitation wavelength (1/λ4) for Raman scattering and hence as we
approach towards NIR, the absolute intensity of Raman bands become significantly
lower than that excited in the visible regime. Thus the choice of the excitation
wavelength is a trade-off between the Raman cross section of the sample, the detector
sensitivity and the background scattering from the sample. Hence for the different
biomedical applications illustrated in this thesis, an excitation wavelength at 785 nm was
chosen which has advantages such as lesser fluorescence cross-section, location within
the therapeutic window and compatibility with the Si detector, although the Raman
cross-section is lesser when compared to that in the visible region.
Since Raman bands are typically narrow (< 15 cm-1), to achieve high sensitivity
and to be able to resolve multiple closely lying Raman bands, a laser with high
wavelength and power stability and narrow line width (< 50 MHz) is preferred for
biomedical Raman spectroscopy. The early embodiments of Raman systems for
biomedical applications relied on excitation sources such as gas (Ar+, Kr+, He-Ne) or
solid state lasers (ND:YAG, Ti:Sapph) that satisfied these spectral requirements. These
traditional laser sources were well suited for Raman studies owing to their notable
frequency stability, relatively high output power (up to 500 mW), near-diffraction
limited Gaussian beam profile45, 46. However, the main drawbacks with these systems are
their bulky size and the extensive electronic and cooling systems that are required to
maintain their frequency and temperature stability. Also, the physical footprint of these
systems was a key barrier to using these for Raman studies in a clinical environment.
The advent of stable, narrow linewidth semiconductor lasers, including those based on
external cavity geometries or Bragg gratings have played a crucial role in making Raman
systems more compact and portable. This brings in the relevance of diode lasers to bio-
medical Raman spectroscopy3. The studies presented in this thesis are performed using
diode lasers. Hence the following section gives a brief discussion on the state of the art
diode lasers used for Raman spectroscopy.
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2.4.1.1 Diode lasers for Raman spectroscopy
Diode lasers are traditionally compact and its output beam is usually elliptical
owing to the rectangular shape of the output facet with inherent astigmatism. The output
wavelength of a diode laser is dictated by the band gap of the semiconductor material,
the junction temperature and current density in the device. The temperature of the
system and running the operating current can therefore play a strong role in the output
characteristics, crucial for Raman studies47. Standard diode lasers can have linewidth of
10-100s of MHz.
The advent of new diode laser materials whose emission wavelengths covers
from UV to far-infrared regime has made a direct impact in the field of Raman
spectroscopy. Typical examples of these laser materials include indium gallium nitride
for the UV region, aluminium gallium indium phosphide for the visible region and
aluminium gallium arsenide/indium gallium arsenide for NIR to far-IR regimes48.
Typically diode lasers are quite susceptible to optical feedback due to a flat gain
curve variation with wavelength, and a short lasing cavity with a low finesse. This
implies that one has to be careful with diode lasers as feedback from spurious reflections
in the optical train can affect the lasing frequency and thus the Raman signature. As such
optical isolators often feature in diode laser based optical systems.
However with judicious use of external dispersive components, particularly
diffraction gratings, these characteristics can be exploited to line narrow and stabilise a
diode laser system. The stability and performance of laser diodes was enhanced with the
advent of the external cavity diode laser (ECDL). There are two main variations based
on the Tunable ECDL, namely the Littrow configuration, and the Littman-Metcalf
configuration.
In contrast to a simple laser diode, an ECDL consists of an external cavity. This
is achieved typically by implementing an anti-reflection coating on one end of the laser
diode chip and completing the cavity on that side with an external diffraction grating in
the Littrow geometry. This controlled feedback can “force” the laser to run with a
narrow linewidth within its gain curve. This results in better wavelength tuning and
narrower line width (typically <1 MHz) which may be desirable for Raman applications.
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In the Littrow configuration the diffraction grating is rotated, typically by a PZT,
for tuning the laser wavelength, and typically tuning of 10s of GHz can be achieved. In
the Littman-Metcalf configuration an extra mirror (tuning mirror) shown in Figure 11 is
rotated for tuning the laser wavelength rendering a relatively small linewidth and better
wavelength selectivity 49. The Littman geometry also results in a much more extended
tuning range (typically 100s of GHz upwards).
Figure 11: Schematic of external cavity diode laser configurations, [a] Littrow configuration. A
rotatable grating is used to select the wavelength that allows further narrowing of the laser lin-
ewidth.[b] Littman-Metcalf configuration, where an additional external mirror is used for
wavelength tuning.
The other equally preferred laser diode configurations in the field of Raman
spectroscopy are the Distributed Bragg Reflector (DBR) and Volume Bragg Grating
(VBG) lasers50. DBR lasers have at least one distributed Bragg reflector as their laser
resonator, providing single frequency at the output. VBR lasers contain Bragg gratings
coupled to a laser diode, providing laser wavelength stability independent of temperature
variation and narrower line width. Both of these configurations greatly reduce the size of
the total laser system making it compact and portable. Most of the laser diode
configurations mentioned in this discussion now comes with a pigtail option for fiber
coupling, thereby further reducing losses due to the elliptical shape and astigmatism
associated with the emerging output beam.
2.4.2 Spectrographs
The next important component in Raman spectroscopy is the spectrometer whose
role is to provide the plot of Raman intensity (photons per second) vs. Raman shift (cm-
1). The generic design of the spectrometer can be fundamentally classified into two,
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dispersive (e.g. Czerny-Turner spectrograph) and non-dispersive (Fourier Transform
Spectrographs)3.
Figure 12: The schematic of a single grating Czerny-Turner spectrograph with CCD as the detector.
Light from the entrance slit is collimated at the collimating mirror and directed towards the
diffraction grating. The diffraction grating disperses the beam into different wavelength compo-
nents and the focussing mirror focusses the dispersed beam to the CCD.
A dispersive spectrograph allows the dispersion of the Raman signal that got
scattered from the sample or in other words it separates wavelengths spatially. On the
other hand a non-dispersive system do not spatially separate different wavelengths but
modulates them such that each wavelength has a characteristic modulation frequency
which is usually detected by a single detector and is then demodulated by applying the
Fourier Transform.
The choice of the spectrometer design is essentially dictated by the choice of the
laser wavelength, the detector and of course on the sample requirements and
applications. The spectrograph used in the different studies throughout this thesis is the
classic Czerny-Turner spectrograph. Dispersive spectrometer configurations can vary
depending on the number of gratings. Mostly for Raman studies the single grating
configuration is preferred to double or triple grating systems owing to their simplicity
and compact nature.
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The resolution of a Raman system is essentially a convolution of the line width of
the laser and the resolution of the spectrometer, which is also called the instrument line
profile. There are several factors which dictate the resolution of the spectrometer.
Resolution is inversely proportional to the entrance slit width and size of the CCD pixel.
The resolution is directly proportional to the line density of the grating. Other factors
such as aberrations and quality of the system components and alignment also affect the
effective instrument line profile of a spectrograph.
2.4.3 Detectors for Raman spectroscopy
At the focal plane of the focusing mirror in a dispersive spectrograph, a detector
is setup to detect the dispersed photons and display them. Considering the weak nature
of the Raman scattering process, a sensitive low-noise detector is highly desirable. Apart
from having high quantum efficiency, the detector should maintain minimal dark signal
level to avoid the noise from overwhelming the weak Raman signal. These requirements
pose constrain on the choice of the detector. This is because the usage of longer
wavelength in biomedical Raman spectroscopy (NIR) implies that the photons to be
detected have lower energy hence it demands a sensitive detector. But at this low energy
detection levels, the thermally generated dark signal can be significant.
Charge Coupled Devices (CCD), stands as a better option in comparison to the
single channel detectors used in the 60’s for Raman Spectroscopy such as the Photo-
Multiplier Tubes (PMT) and Avalanche Photodiodes (also available in multichannel
formats) considering all these above mentioned factors. Also, the fact that higher the
acquisition channels (in the case of CCDs, it is the pixel array) higher is the SNR and
lower would be the acquisition times, which is of paramount importance especially in
biomedical Raman spectroscopy.
A CCD is silicon based photosensitive semiconductor which is arranged as an
array of elements, each of which can generate photoelectrons and store them as a small
charge. The charge stored in each pixel is proportional to the number of photons arriving
at that pixel. An analog to digital convertor (ADC) covert the analog charges to a digital
format to be displayed as an intensity plot of the collected Raman signal. CCDs have
high quantum efficiency and are sensitive to a wide wavelength range. In comparison to
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other multichannel detectors, the readout noise is low which makes optical
intensification an unnecessary procedure in CCDs.
Figure 13: Schematic of a 255 x 1024 element CCD with a inset showing the pixel dimensions
followed by schematic of the front illuminated and back illumination CCD construction.
The configuration of the CCD such that the incident photons fall on the front part
of the CCD (the part of the CCD containing the circuit mask) is called the front-
illuminated CCDs. The fact that the photo-insensitive circuit mask covers approximately
half of the silicon area reduces the quantum efficiency of the detector by about 50%.
This disadvantage may be overcome by another configuration called the back-
illuminated CCDs, where the collected photons enter the back of the silicon wafer which
is thinned by ion etching to enable the electrons generated by back illumination to
migrate to the potential wells on the circuit side. This can provide very high quantum
efficiency (80-95%) in comparison to the front illuminated CCDs. However at longer
wavelengths, the thin layer of the silicon can cause interference effects that appear as
gain oscillations or etaloning. This can be overcome by using deep depletion CCDs
where the silicon detectors are doped in a controlled fashion to enhance longer
wavelength response. The detector used in the different studies in this thesis utilised
back-illuminated deep depletion CCDs which are thermally cooled to very low
temperature, the details would discussed in the following sections3.
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2.4.3.1 Noise sources
Understanding the noise sources in a Raman system is a vast topic by itself. This
section would focus on the basic noise sources for a Raman system equipped with CCD
in the detector part. The SNR defines the quality of a measured signal and in a CCD
based detector system; the SNR is essentially the relative ratio of the measured intensity
of the signal to the overall measured noise which is the uncertainty in the measured
signal in a per-pixel basis. The three major noise sources are the photon noise/shot noise,
the read noise/pre-amplifier noise and the dark noise/thermal noise3.
All these noise sources are temporal in nature. The photon noise also called the
Poisson noise is due to the inherent property of the quantum nature of the light, where
the number of photons arriving at a detector varies over any time interval and hence the
distribution of the photons follows Poisson distribution. So the shot noise is essentially
the square root of the signal itself. Read noise or the pre-amplifier noise is a fundamental
noise source occurring due to the quantification of the CCD charge carriers into voltage
equivalents followed by the A/D conversion. Dark noise or thermal noise or Johnson
noise is due to the thermally generated electrons within the pixels in the CCD. Dark
noise also varies statistically with time and follows Poisson’s relation and is calculated
as the number of the thermal electrons generated within a given exposure time. The
measured signal depends upon the photon flux incident on the CCD expressed in
photons/pixel/second, the quantum efficiency of the device and the integration time
which is essentially the total exposure time over which the signal is collected. The SNR
is then the ratio of this measured signal to the different noise sources as shown in (2-11)
3.
2* r
PQ tsignalSNR
Noise PQ t d t N


 
 
(2-11)
Where,
P = Photon flux (photons/pixel/second)
Q = quantum efficiency of the device
t = exposure time
29
d = dark current (electrons/pixel/second)
rN = read noise (RMS electrons/pixel)
Apart from all these different noise sources, cosmic rays form an additional
source of noise for a Raman signal. Cosmic rays are essentially high energy rapidly
moving subatomic particles arriving from the outer space, a major part of which is the
hydrogen nuclei. It was observed that the amount of cosmic rays that reach the detector
varies according to the time in a day and the global location of the spectrometer.
However, removing the cosmic ray from the Raman signal is a straight-forward
procedure.
Photon noise is the inherent property of the system and has a square root
relationship with the signal. It represents the minimum noise level achievable when the
read noise and the dark noise are kept at their minimum and hence it is desirable to
operate a system at photon-noise limited conditions. However, under low light level
conditions the read noise may exceed photon-noise (read-noise limited condition) and
this can easily be overridden by increasing the integration time to collect more photons.
It should be noted that for biological sample, where the huge fluorescence background
dominates, the low frequency fluctuations in the laser intensity may lead to significant
low-frequency noise (1/f noise or flicker noise) above the shot noise.
2.5 Construction of Raman systems
A 785 nm diode laser (Sacher, Lasertechnik) was used for the Raman excitation.
This laser essentially consists of an external cavity tunable master laser, arranged in
Littman/Metcalf configuration with a maximum power of 15 mW and a tapered
amplifier that can provide a maximum output power of 1W. The inelastically scattered
Raman photons were visualised using a 400 lines/mm grating blazed at 850 nm , Czerny-
Turner spectrograph (Shamrock, Andor Technology) with a an aperture of
approximately F/4 and a focal length of 303 mm, equipped with a deep depletion, back-
illuminated and thermo-electrically cooled CCD (Newton, Andor Technology), where
the detector is cooled to -700C. This CCD has quantum efficiency as high as 95% with a
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Multi-Megahertz readout. The CCD array consists of 1024x255 active pixels operating
in vertical binning mode, with a 26x26 µm individual pixel size.
2.5.1 Confocal Micro-Raman System:
As mentioned in section 2.3.1, a confocal Raman system would be an ideal
choice for performing single cellular studies. Confocal microscopy allows collecting
optical signals from a confined volume of the sample. This is usually achieved by spatial
filtering of the collected optical beam by including an aperture at the conjugate plane of
the sample in the collection arm of the optical system. The rays that originate outside
this focal volume is blocked by the confocal aperture thereby defining a precise volume
each time during measurement and keeping the background signal to a minimum as
shown in Figure 14.
Figure 14: Schematic showing the fundamental principle of a confocal microscope where the
confocal aperture at the conjugate position of the sample confines the measurement volume while
rejecting the out of focus rays thereby minimizing the background signal.
The single cellular studies detailed in the later part of this thesis were performed
using an NIR confocal Raman microscope. This section details the setting up of a
confocal Raman system around a biological microscope. This system was built around a
standard inverted Nikon microscope (Nikon, eclipse, TE2000-E). The schematic of the
setup is shown in Figure 15.
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Figure 15: The schematic (not to scale) of the Confocal Raman Spectrometer. M – mirror, L –lens,
LF – line filter, REF – razor edge filter, NF- notch filter, MO – microscopic objective. The dotted
lines of the same colour correspond to the conjugate planes. The colour dispersion of the Raman
photons shown within the spectrometer is just representative.
The output from the diode laser was coupled into a single mode fiber patch cable
with FC/APC connectors for ensuring high beam quality. The output from the fiber was
collimated using a fiber collimator with an effective focal length of 7.5 mm. The
numerical aperture (NA) of the single mode fiber being 0.22 gave an effective diameter
of ~ 3.4 mm to the beam emerging from the collimator. A telescopic arrangement
consisting of L1=50 mm and L2=100 mm lens were used to expand the beam to
approximately 2 times the original size. The back aperture of the microscopic objective
(50X, 0.90 oil) was ~ 6 mm. The beam expander thus filled the back of the objective. A
line filter LF (LL01-785-12.5, Semrock) whose optical density was > 5 and transmits
between 782 nm and 795 nm measured at normal incidence was aligned after the beam
expander. This ensured filtering out of the amplified spontaneous emission from the
laser and any luminescence background excited within the fiber and optics in the beam
path. The filtered beam is coupled to the objective through a razor edge filter, REF (band
pass filter) (LPD01-785RS-25, Semrock) that reflects wavelength lower than 785 nm
and transmits wavelength higher than 790 nm measured at 450 incidence. The 1800 back
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scattered Raman photons then pass through a notch filter, NF (NF03-785E-25, Semrock)
aligned just after the REF efficiently cuts off the Rayleigh photons.
Figure 16: Photograph of the confocal Raman system [a] showing the important components with
the arrow showing the direction of the collected Raman photons [b] shows the excitation optics
behind the Nikon microscope [c] shows the imaging and collection optics, this part if usually covered
with blackout materials to avoid contamination of Raman signal due to stray light.
Thus the backscattered light containing the Raman photons and also a
significantly low leakage of Rayleigh photons along with the illumination from the
halogen light source which is inbuilt in the Nikon microscope passes through the REF.
Another REF outside the microscope and just in front of the imaging CCD, further cuts-
off the Rayleigh photons and couple the halogen light to the imaging CCD to visualise
the sample at the sample stage. A 200 mm tube lens (L3) inbuilt within the microscope
33
provides the image of the sample at its focal length; this is then relayed to the collection
fiber via lenses L4 (75 mm), L6 (75 mm) and to the imaging CCD via L4 and L5 (30
mm).
The Raman system configured around the microscope is shown in Figure 16. A
multimode fiber of core diameter 500 µm acted as the confocal aperture. The light
coupled into the optical fiber was then delivered to the Raman spectrometer through an
F-number matcher. The design of the F-number matcher is detailed in section 2.5.3.
The confocality at the collection fiber can be calculated as follows:
Radius of the confocal cylinder in the object plane ( 0r ) is given by the radio of
the physical radius of the confocal aperture ( r ), divided by the magnification of the
objective,
0
rr
M
 (2-12)
For the 500 µm core sized multimode fiber at the collection end and the 50X
objective, it follows from equation (2-12) that the diameter of the confocal cylinder in
the object plane is 10 µm.
The depth of the confocal cylinder is related to the numerical aperture and is
given by,
0 cot( )d r  (2-13)
Where,
1sin ( )NAn
 (2-14)
And n is the refractive index of the medium between the objective and the
sample.
It follows from equation (2-13) and equation (2-14) that the depth of the confocal
cylinder is ~ 5 µm.
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The spectral resolution of the confocal Raman system is measured to be 8 cm-1,
Figure 17 shows the Full width Half Maximum (FWHM) of the prominent Raman band
for polystyrene at 1003 cm-1 corresponding to the ring breathing mode.
Figure 17: Raman band of polystyrene at 1003 cm-1. The spectral resolution of the confocal Raman
system was measured to be 8 cm-1 using this ring breathing mode of polystyrene.
The advent of stable external cavity diode lasers with pigtail options and the
compatibility of fiber collectors to the spectrometer have encouraged moving towards
portable and compact Raman systems both for single cells and fiber Raman probe based
studies. The confocal Raman system design (same as described above) was also
implemented in a compact form using a cage system. This enhanced the portability of
this system. The system consist of two parts: the Raman excitation and collection part
and the illumination part, both of which are modular and robust and can easily go on an
optical bread board, this system is shown in Figure 18.
The KÖhler illumination for this system consisted of a white LED (Thorlabs) which
was passed through a diffuser. This was placed at the focal length of a collector lens (30
mm). A field diaphragm at the Fourier plane of the source allowed controlling the field
of view. A field lens (50 mm) was used to produce the conjugate plane of the source, an
illumination diaphragm at this conjugate position allowed controlling the brightness of
the illumination. Finally, a condenser lens (50 mm) was used to produce uniform
illumination at the sample plane, which is now at the Fourier plane of the source.
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Figure 18: Cage based compact confocal Raman system; [a] shows the excitation, collection and
imaging optics for the confocal Raman system. The arrows indicate the direction of the optical path,
where red arrow corresponds to the excitation, violet corresponds to the direction of the Raman
photons and pink corresponds to that of imaging [b] shows the optics for the KÖhler illumination.
REF- razor edge filter, LF- line filter, NF- notch filter, ND- neutral density filter.
2.5.2 Fiber Probe Based Raman System:
Typically a fiber probe for performing spectroscopy involves two major parts,
one is the optical waveguide that delivers the excitation beam to the sample and second
is the optical waveguides that collects the signal back from the sample to deliver it to the
spectrometer. As mentioned in section 2.3.2, implementing Raman spectroscopy using a
fiber probe has more constraints when compared to that of implementing fluorescence
spectroscopy. Raman scattering being a weak process that needs to compete with the
fluorescence background, there are two main design considerations to achieve an
efficient fiber Raman probe51-54
The first is to ensure highest throughput, the second is to ensure minimum
fluorescence background collected from the fiber probe. While the former can be
achieved by choosing the right collection optics at the distal end of the fiber probe,
achieving the latter is more challenging. This is especially because of the fact that there
would be fluorescence signal excited in the optical fiber itself which is used to guide the
optical signal from the source and to the detector. The basic approach to minimise this
fluorescence background from the fiber requires the use of appropriate filters at the
excitation and collection part of the fiber probe. At the probe head which is near to the
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sample, a laser line filter should be placed in front of the excitation fiber, which would
filter out the fluorescence signal that is generated during the propagation of the
excitation laser through the fiber.
Figure 19: Schematic (not to scale) of the fiber Raman probe setup. Laser is coupled into the
excitation arm of the fiber probe. At the probe head the excitation beam is directed towards the
sample, after passing through a laserline filter. The collection arm of the fiber probe delivers the
collected signal to the spectrometer through an F-number matcher (F/#), S – shutter.
On the collection side it is important to avoid the Rayleigh scattering light getting
coupled into the fiber which would excite fluorescence signal during its propagation
towards the spectrometer. To avoid that a Rayleigh rejection filter should be placed in
front of the collection fibres at the probe head. Since the probe head needs to be
miniaturised for many of the biological application, the size of the filter would be
typically small. In several designs it would not be possible to have a collimated beam
passing through such small filters, which is the condition for the filters to work at their
highest efficiency. This implies that even the presence of filters would not be sufficient
to avoid the fluorescence background completely. Hence it is equally important to
reduce the fluorescence background generated in the fiber filter itself. To achieve this
typically low OH multimode fibres are used for constructing fiber Raman probes. Use of
multimode fibres would also help in improving the collection efficiency of the probe.
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The schematic of the fiber based Raman system that was used in this thesis is
shown in Figure 19. The output from the laser is coupled into the excitation part of the
fiber probe (Emvision LLC) which consisted of a multimode fiber of core diameter 200
µm with an SMA adaptor. A fiber launcher (Elliot Scientific) with a 10x objective
(Newport) was used to couple light into the fiber with NA 0.22 and typically a coupling
efficiency between 60% - 80% was achieved. The fiber probe had one excitation fiber
and eight collection fibres that are low OH fibres with 200 µm core diameter. The light
collected by the collection arm of the probe was coupled into a spectrometer via a F-
number matcher. A Rayleigh rejection filter was used just before the F-number matcher
to avoid Rayleigh photons leaked from the fiber probe head saturating the CCD.
2.5.3 Design of F/# matcher
When coupling light into a monochromator it is very important to match the F-
number of the incoming beam to that of the spectrometer (F-number = 4) to ensure
efficient throughput. The design considerations while implementing the F-number
matcher used in the studies presented in this thesis are explained in this section.
1
2 *
N
NA
 (2-12)
Equation (2-12) gives the relation between the F-number (N) and the numerical
aperture (NA). It follows from this equation that the F-number for the fiber (NA = 0.22)
is 2.27. The F-number ratio of the spectrometer to the fiber is then 1.76. To achieve F-
number matching for this system a telescope with magnification ~ 1.76 needs to be used.
A pair of convex lenses with focal lengths 30 mm and 50 mm was used to implement
such a telescope that provided an effective magnification of 1.67. Although the F-
number would be matched in this case, the beam coming from a 200 µm fiber would be
~ 334 µm at the slit. The slit size used for the experiments was 150 µm, this means
although the F-number is matched because of the beam spot size, part of the incoming
signal would get rejected which would affect the throughput. To avoid this, a modified
version of the F-number matcher was implemented where another telescope containing a
pair of cylindrical lenses were introduced in between the original telescope to change the
aspect ratio of the beam. The cylindrical lenses with focal lengths 8 mm and 50 mm
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were chosen to achieve this telescope. This would reshape the circular beam with aspect
ratio 1:1 to an oval beam with aspect ratio 1:6.25, this means that the beam falling on the
slit would have a width of 53 µm and a height of 334 µm. So this would ensure effective
coupling of light from the optical fiber to the spectrometer without compromising the
throughput.
2.6 Post-processing of Raman spectra
As discussed previously an acquired Raman spectra would be a mixture of the
Raman bands and the fluorescence background from the sample or the instrument itself
and noise contribution from different sources which are discussed previously. It requires
several pre-processing steps before the Raman spectrum can be retrieved from the raw
spectra for any useful analysis. This section explains various post-processing stages
required to get Raman spectrum.
For the demonstration of the Raman spectrum processing, the Raman spectrum
of a herring otolith sample, placed on a glass coverslip is used here and the raw spectrum
of the same is shown in Figure 20. The Raman spectra from the herring otolith sample
are pure in terms of the chemical constituents which is essentially aragonite.
Figure 20: Raw spectrum recorded from Herring otolith sample placed on a glass substrate
The first stage is to select a region of interest. As mentioned before, typically the
fingerprint region is chosen for Raman analyses. Also it can be seen that all the Raman
peaks in this example are within the fingerprint region. Hence spectral region from 600
cm-1 to 1800 cm-1 is chosen as shown in Figure 21.
39
Figure 21: Selected fingerprint region of the spectrum. Fingerprint region between 600 cm-1 to 1800
cm-1 is chosen.
The next stage is to subtract the background contribution in the spectrum from
the substrate and the instrument. To achieve this, a background signal was recorded
without the sample, keeping the same experimental parameters as shown in Figure 22a.
It can be seen that the main background contribution comes from the fluorescence of the
glass substrate which is strong in spectral region of 1200 cm-1 to 1600 cm-1. Figure 22b
shows the spectrum after background subtraction.
Figure 22: [a] raw signal and background from the substrate. [b] Spectrum after background
subtraction
It can be seen that the signal is quite noisy. This may be corrected using
smoothing filters. Here Savitzky-Golay smoothing filter is used to make the spectrum
less noisy55, 56. Figure 23 shows the smoothed spectrum where a window width of 6 and
degree of smoothing of 3 was used. It can be seen that the spectrum used here has strong
Raman bands and hence the effect of smoothing is not very evident. However in the case
of Raman bands with lower SNR, smoothing will help to visualise the spectrum better.
However it is important to choose the right set of smoothing parameters so that it would
not introduce any artefacts and it would not smooth out the weak Raman bands.
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Figure 23: Raman spectrum after smoothing. Savitzky-Golay smoothing filter with width 6 and
degree 3 was used for smoothing this spectrum.
Even though the background is subtracted from the spectrum, it can be seen that
there is still a broad luminescence background on which the Raman peaks are sitting.
This might be mainly due to the auto-fluorescence from the sample itself. In the case of
performing Raman spectroscopy on single cells, this background can be more complex.
It is necessary to correct for this background to extract qualitative and quantitative
information from Raman spectra. The standard procedure used for such correction is to
find a baseline by fitting the spectrum with a higher order polynomial and subtracting
this baseline from the original spectrum. However this might introduce artefacts into the
processed spectra. There are also advanced iterative algorithms which would minimise
such artefacts. One of the most commonly used algorithm is the iterative modified
polynomial fitting with which the example spectrum here is corrected as shown in Figure
24 57. Here a 3rd order polynomial is used to achieve this base-lining.
Figure 24: Processed Raman spectrum after base-lining. There are mainly two Raman peaks in this
spectrum -1085 cm-1 symmetric stretching mode of the carbonate ion, 701 cm-1,705 cm-1 in-plane
bending mode of the carbonate ion.
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Figure 25: Processed Raman spectrum with region of artefacts highlighted. Although polynomial
fitting was performed, the processed Raman spectrum contains traces of luminescence background.
It can be noted that even after all these processing there are chances to have
artefacts in the spectrum. Figure 25 highlights the artefacts present in the spectrum. It
can be seen that the region highlighted is not flat as it is supposed to be since there is no
Raman peaks present in that spectral region. In the case of samples such as cells, where
the SNR of the Raman bands are relatively low, there are chances that such artefact
might play a profound role in skewing machine learning algorithms.
2.7 Conclusion
This chapter laid the foundation of this thesis by detailing the basic aspects of
Raman spectroscopy. It introduced the classical theory of Raman spectroscopy where the
origin of Stokes and Anti-stokes scattering are discussed in detail.
Section 2.3 discussed the relevance of Raman spectroscopy as a desirable tool in
the field of biomedicine. Brief reviews of the different manifestations of Raman
spectroscopy used for single cell studies and tissue studies that are relevant to this thesis
are discussed. Specifically micro-Raman tweezers and fiber probe based Raman
spectroscopy are introduced. It should be noted that this discussion did not include non-
linear Raman spectroscopic techniques and Raman based imaging techniques since this
is beyond the scope of this thesis.
Further, this chapter explained the basic components of Raman instrumentation
which consisted of discussions about the laser sources, spectrometers and detectors. This
section also included discussion on the different noise sources. The practical
implementation of typical Raman systems that are relevant to the studies discussed in
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this thesis is discussed further. Implementation of the confocal micro-Raman system for
single cell studies and the fiber based system for tissue studies were part of this section.
Post-processing of the signal is an important factor for qualitative and quantitative
analysis in Raman spectroscopy. The basic post-processing steps were discussed in
detail. Each of these processing steps was demonstrated using the Raman spectrum of
the herring otolith sample.
This chapter gave a generic introduction to the field of biomedical Raman
spectroscopy. The studies discussed in the following chapters cover a variety of
manifestations of Raman spectroscopy. Hence specific discussion on the particular
aspects of Raman spectroscopy would be discussed in detail in the respective chapters.
Also, any modification to the basic Raman instrumentation or the post-processing
relevant to a study would be dealt with in detail in the respective chapters.
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3. Wavelength Modulated Raman Spectroscopy:
Optimization for High Throughput Cell Screening
3.1 Introduction
One of the major obstacles in the field of bio-medical Raman spectroscopy is the
auto-fluorescence of the biological sample that overshadows the weak Raman signal.
Apart from the auto-fluorescence, the fluorescence from the substrate and the instrument
itself can interfere with the weak Raman signal hampering the sensitivity of the
detection. Suppressing this fluorescence background itself is an active field of research
in the field of biomedical Raman spectroscopy.
As such, several techniques have been developed in the past to address this issue.
Among these different fluorescence suppression techniques, Wavelength Modulated
Raman Spectroscopy stands as a potential candidate. This is mainly because this
technique satisfies the key requirements for the practical implementation of a
fluorescence suppression technique such as the complete retrieval of the Raman
information, ease of implementation, compactness and portability.
This chapter introduces the different techniques that are used for fluorescence
suppression explaining in detail the pros and cons of each while comparing it with
WMRS. Section 3.3 of this chapter elaborates on the theoretical background of WMRS.
The one major challenge while implementing a fluorescence suppression technique is the
total time spent in retrieving the Raman information from a biological sample. The later
part of this chapter addresses this issue and demonstrates a systematic procedure to
optimise the different experimental parameters of WMRS. This section rationalises the
need for optimizing WMRS followed by the description on implementing a WMRS
system for single cell studies. The optimised WMRS parameters and the procedure to
obtain these parameters for biological samples are discussed in detail. The effectiveness
of the optimal parameters was demonstrated by performing a binary classification of
normal human urothelial cells (SV-HUC-1) and bladder cancer cells (MGH-U1).
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3.2 Background luminescence suppression techniques in Raman
spectroscopy – a brief review
Conventionally, in order to reduce the contribution of fluorescence in the Raman
spectra for bio-medical applications, excitation in the NIR region is opted. This
wavelength region is a good choice since the absorption coefficient is very low in
general for biological samples in the NIR region. Also to further suppress the
background contribution a set of filters are used along the optical path. Even with the use
of NIR excitation and filters there would be residual contribution due to the auto-
fluorescence from the sample, which poses a significant challenge since the Raman
signal and the fluorescence signal occur in the same fingerprint region. The next section
details the different techniques that are used to suppress this fluorescence background.
Traditionally, the routine to remove the background in the acquired Raman
spectra consist of applying mathematical methods such as background-subtraction
procedures and polynomial fit of the background 58. This method is computationally
straight forward however, multiple fluorescence peaks, negative errors in fit can lead to
artefacts in the final processed spectra. One such example illustrating this point is shown
in Figure 25 of section 2.6.
The solution to avoid such artefact is to suppress fluorescence background using
physical principles associated with the Raman scattering process. A simple approach to
remove fluorescence background is to exploit the life time difference between the
Raman and fluorescence processes and this approach is called Time Resolved Raman
Spectroscopy (TRRS)59, 60. Raman scattering is instantaneous and has a short life time (~
10-11-10-13) in comparison to the fluorescence background (~10-9-10-7), therefore by
using a pulsed laser source and gating the signal collection time a dominant part of the
fluorescence can be rejected. However, this technique doesn’t guarantee complete
removal of the background. Also, this method requires a complete understanding of the
fluorescence characteristics of the sample in order to pick the detector gating time to
effectively collect the entire Raman signal and reject the fluorescence background.
The Polarization modulation technique is another technique for background
rejection which exploits the fact that the polarization properties of the Raman signal and
the fluorescence signal are different61. When the Raman signal is highly polarised the
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fluorescence signal is totally depolarised. Hence in this case the Raman signal is
acquired with parallel and perpendicular polarised light and a difference between these
two signals should ideally give a background free Raman spectra. However, it was
reported that it is not possible to retrieve the complete Raman features while using this
technique. Phase sensitive detection scheme is another fluorescence rejection method
where the sample that is analysed is periodically modulated in position along with single
channel lock-in detection using a photomultiplier tube62, 63. This method is slow and
demands longer acquisition time to collect Raman signal, especially for biological
samples.
WMRS, also known as Frequency Modulated Raman Spectroscopy, is a
fluorescence rejection technique introduced in the 1970s64, 65. This technique is based on
the fact that when the wavelength of the exciting light is slightly modulated ( 05A ), the
Raman bands also get modulated while the fluorescence background, which is
insensitive to small changes in the excitation wavelength, remains a constant. This
varying Raman signal can then be extracted from the constant fluorescence background.
Lock-in-detection scheme was used in the past for extracting the Raman signal. Later, it
was demonstrated that by incorporating statistical techniques such as EM algorithm and
PCA that picks up the largest variation in the data (which corresponds to the Raman
signal) from the non-varying one (that corresponds to the fluorescence background) the
lock-in-detection scheme can be avoided66, 67. Shifted Excitation Raman Difference
Spectroscopy68 and Multi-excitation Raman Spectroscopy66 are basically variations of
this technique.
Even though the proof of principle of WMRS has been demonstrated in the late 70’s
where the excitation source was modulated incorporating lock-in-detection scheme 65, 69-
71, due to the limitations in the instrumentation at that time, the technique remained
unexplored 69. Later with advancements in the excitation source, detectors, and robust
statistical algorithms WMRS could be extended for biological samples. It was
demonstrated that by incorporating statistical techniques such as Principal Component
Analysis and Expectation Maximisation algorithm that picks up the largest variation in
the data (which corresponds to the Raman signal) from the non-varying one (that
corresponds to the fluorescence background), WMRS can be taken to the next level
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where the lock-in-detection scheme can be avoided 66, 72. This makes it easy to integrate
WMRS into existing Raman systems, which only require replacing the excitation laser
with one that can be modulated. Unlike TRRS and PMRS, this technique does not
depend on the temporal and polarization properties of the Raman signal itself therefore
avoiding any loss in the Raman information during fluorescence suppression. However,
this technique required further optimization particularly for biological samples whose
Raman bands are usually broader than pure chemicals as shown in Figure 27 of section
3.3. Hence a specific protocol is required to be developed while probing biological
samples.
3.3 Theoretical background of Wavelength Modulated Raman
spectroscopy
Modulating the laser frequency/wavelength for eliminating the noisy background
is a well-known technique in spectroscopy such as absorption spectroscopy, nuclear
magnetic resonance spectroscopy, electron paramagnetic resonance spectroscopy and
photoelectron spectroscopy. The advent of this idea in Raman spectroscopy happened in
1976 when Funfschilling and Williams first demonstrated WMRS64. In 1977 Galeener
demonstrated a similar experiment69. The term ‘Wavelength Modulated Raman
Spectroscopy’ was coined in the year 1978, when a much more stable system was
introduced by Levin and Tang to demonstrate fluorescence suppression65.
In WMRS the laser light incident at the sample is modulated in frequency between
two closely spaced values ( , )A Bw w .The difference in the intensity of the light which is
recorded is given by ( , )ex emI w w , where 0ex B Aw w w   and emw represents the
frequency at which the signal is emitted. The intensity of the light emitted by the sample
is the sum of the Raman intensity and the luminescence intensity (here, this is the sum of
the contribution due to both fluorescence and any other stray light contribution) as
shown below in
( , ) ( , )R ex em L ex emI I w w I w w  (3-1)
Where, ( , )R ex emI w w represents the contribution due to Raman intensity and
( , )L ex emI w w represents the contribution due to the luminescence intensity.
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In luminescence spectroscopy the intensity is a separable function of exw and emw
, i.e.
( , ) ( ) ( )L ex em em exI w w L w E w (3-2)
Where, L is the luminescence emission spectrum independent of exw and E is the
excitation spectrum independent of emw .
In WMRS the differential signal measured is then given by
R L
ex ex ex
I I I
w w w
  
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  (3-3)
From equation (3-3) it follows that,
( )L em
ex ex
I EL w
w w
 
 
 (3-4)
1L
L
ex ex
I EI E
w w
 
 
 (3-5)
Equation (3-5) implies that it is possible to remove contribution due to
luminescence if the laser is operated at a frequency corresponding to a local minimum or
maximum of the excitation spectrum ( )exE w , as shown in Figure 26. Any value of exw
which gives ( ( ) * )em
ex
EL w
w


small enough may be satisfactory. It should be noted that if
0
ex
E
w


 , the WMRS spectrum may contain a small contribution from the original
luminescence intensity.
WMRS exploits the fact that the Raman peaks shift along with a shift in the
excitation wavelength (< 1 nm), while the background remains a constant. Lock-in
detection schemes or multivariate methods such as PCA and EM algorithms can be used
to extract the modulating Raman peaks, suppressing the broad fluorescence
background74.
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Figure 26: Absorption spectrum of water. It can be seen that at 785 nm (the typical value of excita-
tion wavelength used in this thesis) which is close to the maxima satisfies both the condition of being
within the therapeutic window and satisfying the condition for WMRS73.
PCA essentially extract information that shows maximum variance in a dataset.
In the case of WMRS the background remains constant while the Raman peaks get
modulated. When PCA is applied to this dataset considering wavelength as dimension
and Raman shift as parameters, the first principal component will yield the highest
variation in the dataset, which is the Raman information. The fluorescence contributing
will be in the higher principal components. A detailed description of how PCA may be
used to extract Raman information in WMRS is given in section 3.3.1. A previous study
demonstrated a clearer recovery of the Raman signal with higher SNR in comparison to
other multivariate techniques such as standard deviation analysis, Fourier filtering and
least square fitting67. The outcome after applying the PCA to the wavelength modulated
signal is essentially a differential spectrum of the peaks corresponding to the Raman
bands with the background completely suppressed as shown in Figure 27. A typical
example of the raw spectra collected during WMRS is given in chapter 4, section 4.3.
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Figure 27: standard (top) and modulated (bottom) Raman spectra of algae. The standard Raman
spectrum has a broad fluorescence background. The modulated spectrum is a differential signal
where the broad fluorescence background is suppressed.
3.3.1 Principal Component Analysis to extract Raman information
PCA is a standard data analysis tool which is widely used in a variety of fields
ranging from neuroscience to computer graphics. It is a simple tool to extract useful
information from a large data set. PCA can reduce a complex data set into one with
lower dimensions revealing the pattern in the data. If we consider a multidimensional
data set consisting of observations and variables, PCA transforms or rotates the variable
axis resulting in an orthogonal space where the new set of axes (Principal components)
will be in the descending order of the variation of the data set. That means the first
principal component (PC) gives the maximum variation among the data set, the second
PC gives the next highest variation. This implies that the majority of the higher order
PCs will have negligible variance (less than noise level) and hence can be ignored
resulting in a reduced dimensionality of the data set without losing any information
regarding the variance75. This is depicted in Figure 28.
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Figure 28: Plot depicting the projection of a data along the principal components. X1 and X2 are the
original dimensions. Component 1 and component 2 corresponds to the transformed dimensions.
If we have a one dimensional data set (matrix or vector),
X=[x1,x2,x3………..xn], the relationship between the different points can be expressed
in terms of the mean and the standard deviation. The standard deviation gives the spread
of the data around the mean.
Where, the mean
1
n
i iXX
n

 (3-6)
And the standard deviation is given by,
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Another measure of the spread of the data can be expressed in terms of the
variance, which is essentially the square of the standard deviation, given by
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Now if we consider the case of a two dimensional data set or matrix such as
X=[x1,x2,x3………..xn], Y=[y1,y2,y3,………..yn], then the spread of data between
them can be expressed in terms of the co-variance, which is essentially the variance
calculated between each dimension,
1( )( )cov( , )
( 1)
n
i i iX X Y Yx y
n
 
  

(3-9)
For a three dimensional matrix, we might have to calculate cov(x,y), cov(x,z) and
cov(y,z). So for a multidimensional data set such as the WMRS data there will be n!/ (n-
2)!*2 different covariance values. A covariance matrix can be then arranged with these
covariance components. For the two-dimensional data given above the covariance matrix
would constitute of the following covariance components: cov(x,x), cov(x,y), cov(y,x),
cov(y,y). With a covariance matrix in hand, we can then calculate the Eigen value (ev)
and the Eigen vector (EV) of the matrix. The idea of ev and the EV is explained in the
next section.
Let us consider the case of multiplying a vector ‘x’ by another square matrix ‘A’,
this gives us another vector ‘b’. The linear equation for this is given by
Ax b (3-10)
Certain exceptional vectors ‘x’ are in the same direction as ‘Ax’, making ‘b’ a
scaling of ‘x’ by say ‘λ’. 
Ax x (3-11)
Now, ‘x’ is called the Eigen vector (EV) and the ‘λ’ is called the Eigen value (ev)
and the matrix ‘A’, which transforms the vector, is called the transformation matrix. In
other words, if we consider a 2D vector, it can be represented as a point in a xy Cartesian
system. If multiplying it with a square matrix results in the scaling of the 2D vector, then
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it means that the direction of the 2D vector gets preserved. This procedure is called
Singular Value Decomposition (SVD).
In order to plot a WM spectrum, the covariance matrix is calculated after
subtracting the mean spectrum from each of the spectra. From this mean adjusted data
set, the EV and the ev can be calculated directly. The EV corresponding to the highest ev
gives the first principal component and the EV corresponding to the next highest ev gives
the second principal component and so on. The intensity plot of the first principal
component corresponds to the WM-spectra. This plot is also called the loading of PC1 or
the Eigen spectrum and the percentage of the total variance is sometimes called the
Eigen energy. So in the case of WMRS, the different wavelengths can be considered as
the variable and each pixel (1 to 1024 in this case) where the Raman peaks shift with the
shift in wavelength can be considered as the observation.
PCA can also be used for feature selection in discriminating between different
sample types, based on information from each sample, recorded in a multi-parameter
space. For example, in order to classify between different cell types based on their
Raman spectra, the pixels (Raman shift) should be considered as the variable and each
Raman measurements should be the observation. After evaluating the EV and ev, a
feature vector is formed by rearranging the EVs according to the descending order of the
ev, it should be noted that the EVs of a matrix are always orthogonal to each other and to
standardise it, it is usually the unit EVs which are used. So by the process of finding the
EV of the covariance matrix, we have now evaluated the lines or the axes or PCs that
characterise the data. The next step is to project or transform the original data such that it
gets expressed in terms of these new orthogonally transformed axes. In order to achieve
this, the transpose of the feature vector is multiplied with the original data set. The new
transformed dataset would have a set of new dimensions where the variance of the
dataset would be in descending order. The first few PCs would contain the majority of
the variance within the dataset. Hence we can discard higher PCs, resulting in a reduced
dimensionality of the dataset. This reduced dataset can be used for classification using
various algorithms such as nearest mean classifier and support vector machines.
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3.4 Wavelength modulated Raman spectroscopy – Need for
optimization
For biomedical applications, suppressing the fluorescence background would
enhance the contrast between the diseased cells and normal cells, allowing better
classification, which is desirable for clinical applications76-78. Fluorescence suppression
techniques in Raman are notorious for the time required to sample any useful data and
are considered complex and laborious. Among the different fluorescence suppression
techniques, WMRS has proved to be straight forward to implement in terms of the
instrumentation required and reliability, as this technique is independent of the
polarization and temporal properties of the signal. However, the technique still needs to
improve in terms of the total acquisition time on biological samples to be useful for
clinical application.
It should be noted that the resultant line shape of Raman bands in a sample is
greatly influenced by the environment such as the intermolecular spacing and change in
composition/kinetic energy of the molecule in question. The environment of the probe
molecule in most cases is affected by adjacent surrounding molecules which interact
with them. This interaction slightly alters the natural frequency with which the probe
molecule vibrates. The observed line shape is thus the sum of the contributions from
these individual vibrations. The balance between the life time of the coherent vibration
of the molecules in the ground state and the time taken by the excited molecules to reach
the ground state changes drastically between solids, liquids and gases leaving the line
shape different in each of these cases. While the line shape in solids takes a Gaussian
profile due to the statistical distribution of the environment, in gases it is Lorentzian and
in liquids it is a combination of the Gaussian and Lorentzian (Gaussian-Lorentian, G-
L/Voigt) profile79, 80. Biological cells which arguable exhibit both solid and liquid
behaviour thus should differ in the optimal modulation parameter in comparison to
standard Raman samples81. The vast contribution from the numerous molecules inside a
cell contributes towards broader Full Width Half Maximum (FWHM) of the Raman
bands, as shown in Figure 27 of section 3.3. Hence optimization of the different
parameters of WMRS is critical for biological samples such as cells.
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Developing a procedure to find the optimal parameters of WMRS is crucial to
ensure enhancement in SNR of Raman bands which allows reduction of the acquisition
time whilst retaining appropriate discrimination between biomedical samples. This is
central for developing high throughput label-free cell screening methods such as Raman
activated flow cytometry to classify normal and abnormal cells derived from body fluids
such as blood and urine 18. The following sections demonstrate systematic optimization
of various WMRS parameters for biological samples (cells). Parameters such as
modulation amplitude, time constant, number of cycles and sampling rate are optimised.
The modulation amplitude is the range in which the laser wavelength needs to be shifted
during modulation, time constant is the time period of exposure of the sample to the
laser beam, sampling rate is the number of wavelengths shifted or sampled across one
cycle, number of cycles is the repetition of each such cycle. The effectiveness of the
optimization was confirmed by performing binary classification of SV-HUC-1 and
MGH-U1 cells. In this study the wavelength was modulated in a symmetric trapezoidal
pattern as shown in Figure 29, this ensured maximum distance between the two adjacent
wavelengths, also the symmetric pattern allowed proper dissection and comparison of
the series of signal acquired for optimization.
Figure 29: Graphical explanation of the different parameters used for WMRS. Modulation ampli-
tude is the amplitude with which the wavelength is modulated. Time constant corresponds to the
single acquisition time. Sampling rate is the number of wavelengths shifted or sampled across one
cycle, number of cycles is the repetition of each such cycle.
3.5 Implementing wavelength modulated Raman spectroscopy system
for single cell studies
The WMRS system without the lock-in-detection scheme is essentially straight
forward to implement. This system is similar to the traditional standard Raman system
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except for the fact that the Raman laser is replaced by a modulating laser in this case.
The experimental set up is similar to the one explained in chapter 2 in section 2.5.1.
The experiments were performed on a custom designed Raman microscope. The
laser source used was a tunable diode laser (Sacher, Littmann configuration, centred at
λ=785nm, maximum power 1 W, total tuning range 200 GHz). The laser beam was 
expanded using a telescope to appropriately fill the back aperture of a microscope
objective (Olympus, magnification 40x/NA=0.74) after passing through a line filter.
Modulation of the excitation wavelength was achieved by applying an external voltage
to a piezoelectric actuator within the laser cavity, whose maximum mod-hop free tuning
range is 200 GHz. The external digital signal is provided via a Multifunction Data
Acquisition (DAQ) module (National Instruments, NI-USB-6211), this can also be
achieved through an external analog signal generator (Keithley). In this study an external
analog signal generator was used to provide wavelength modulation.
The back scattered Raman photons were collected through the same objective
and coupled through a F/# matcher into the spectrometer which was equipped with a 400
lines/mm grating with a deep depletion, back illuminated and thermo-electrically cooled
CCD camera (Newton, Andor Technology). The sample was illuminated with a standard
KÖhler illumination set-up in the transmission mode. The average excitation power at
the sample was maintained at ~ 200 mW throughout the experiment.
3.5.1 Sample Preparation
SV-HUC-1 and MGH-U1 were used for this study. The cell culture, maintenance
and preparation of the cells for the experiment are discussed in Appendix I. The sample
chamber used for this experiment was built using a 80 µm deep vinyl spacer between a
quartz slide of 1 mm thickness and a quartz cover slip of 150 µm thickness (SPI
supplies, UK). 20 µl of the sample consisting of either polystyrene beads or cells (MGH-
U1/SV-HUC-1) was loaded into these chambers for analysis.
3.6 Optimization of wavelength modulated Raman spectroscopy
parameters
In WMRS the key factors that may be optimised to improve the acquisition time
are the modulation amplitude, sampling rate, time constant and number of cycles. Since
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each wavelength is sampled twice during a trapezoidal scan, it corresponds to two
cycles. Sampling rate corresponds to the number of acquisition steps per cycle. The time
constant is the single exposure time for acquiring a Raman spectrum. The total
acquisition time is the product of the time constant, sampling rate and total number of
cycles.
Figure 30: [a] standard Raman signal from polystyrene, the prominent peak used for the study is
marked: inset shows the image of a ~ 20 µm polystyrene bead [b] WM-spectra of polystyrene, the
prominent peak used for the study is marked [c] Standard Raman signal from MGH, the prominent
peak used for the study is marked: inset shows the image of a ~ 20 µm MGH cell [d] WM-spectra of
MGH, the prominent peak used for the study is marked.
Two samples which differ significantly in their Raman cross-section strength and
the FWHM were chosen for this study. Polystyrene beads (~ 20 µm) and Bladder Cancer
cells (MGH-U1, ~ 20 µm) were used for this experiment whose respective standard
Raman and modulated spectra are shown in Figure 30. The prominent peak at 1001.4
cm-1 for the polystyrene corresponding to the ring breathing mode and the peak at 1450
cm-1 for MGH-U1 corresponding to the protein marker mode were chosen for this study
and the corresponding peaks are shown in Figure 3110, 82.
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Figure 31: Illustration of the prominent peaks of polystyrene beads and bladder cancer cells (MGH-
U1) [a] Standard Raman spectrum of the 1001.4 cm-1 peak of polystyrene [b] Wavelength Modulated
(WM) Raman spectrum of the 1001.4 cm-1 peak of polystyrene [c] Standard Raman spectrum of
the 1453 cm-1 peak of MGH-U1 [d] WM Raman spectrum of the 1453 cm-1 peak of MGH-U1
The modulation amplitude was varied in discrete steps starting from Δν = 40 
GHz which corresponds to Δλ 0.08 nm to Δν = 240 GHz which corresponds to Δλ = 
0.492 nm, in a symmetric trapezoidal pattern. The sampling rate was maintained at three
for this study, for 12 cycles with a time constant of 5 s. The SNR was estimated as the
ratio of the peak to peak value of these two peaks to the standard deviation of the signal
in a Raman band free spectral region ranging from 1750 cm-1 to 1800 cm-1. The SNRs
were then plotted for varying modulation amplitudes.
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Figure 32: Characteristics of SNR variation with modulation amplitude for polystyrene and MGH.
Error bars shows the standard deviation of SNR for Raman acquisition from multiple samples.
As can be seen from Figure 32, the SNR profile varies significantly between
samples with high and low Raman cross-sections. The SNR peaks for the polystyrene
sample at Δλ = 0.24 nm which corresponds to Δν = 120 GHz. This coincides with the 
modulation amplitude chosen for WMRS studies previously on relatively high Raman
cross-section samples 65, 70. In contrast to the case of polystyrene, the SNR recorded for
MGH-U1 cells keeps on increasing as the modulation amplitude increases. The
modulation range through which the experiment was performed was limited by the
scanning range of the laser. For MGH cells, Δλ = 0.32 nm corresponding to Δν = 160 
GHz was chosen for this study: this gives the minimum modulation amplitude that
resolved the Raman bands whilst remaining well within the mode-hop free region of the
laser.
The next parameters to optimise were the sampling rate time constant and the
number of cycles. For this study, the modulation amplitude was kept constant at Δλ = 
0.32 nm (Δν = 160 GHz). The peak at 1450 cm-1   in the Raman spectrum of MGH-U1 
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cells was used to compare the variation in SNR for different parameters. Keeping the
total acquisition time constant, Raman spectra of MGH-U1 cells were recorded for
different sampling rate and time constant. The variation in SNR at a total acquisition
time of 80 s for different sampling rate and time constant is shown in table 1. It can be
seen that the SNR increases with increasing time constant.
Table 1: The dependence of SNR on the time constant and the sampling rate
Time constant
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It is also seen in table 1 that the SNR does not significantly vary with differing
sampling rate. To illustrate the effect of sampling rate on SNR, Figure 33 gives the
variation of SNR while varying the total acquisition time for three cases of sampling
rates at a time constant of 5 s. It can be seen that there is an increase in SNR with total
acquisition time. Crucially, however the sampling rate does not make a significant
contribution to the variation in SNR. This means the sampling rate can be kept minimal
whilst an increase in the number of cycles increases the SNR of the observed Raman
bands.
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Figure 33: Illustration of the typical SNR characteristics while varying the sampling rate, with
progressing total acquisition time with a time constant of 5 s.
Based on these observations, experiments were performed to obtain optimised
laser scanning parameters for cell discrimination at the highest throughput. This was
performed by classification studies using PCA of WMRS spectra of SV-HUC-1 and
MGH-U1 cells.
Figure 34: Plot of principal component 1 and principal component 2 of WM Raman spectra of 50
MGH cells and 50 control SV-HUC 1 cells for a time constant of 5 s, [a] clusters overlapping at a
total acquisition time of 10s, [b] segregated clusters at a total acquisition time of 15 s, [c] segregated
clusters at a total acquisition time of 60 s.
For this study, the total acquisition time was varied, for constant modulation
amplitude, keeping the time constant at 5 s. Figure 34 shows the PCA cluster plot of the
Raman spectra acquired from MGH-U1 and SV-HUC-1 cell lines. As can be seen from
Figure 34[a], at 10 s total acquisition time corresponding to 2 steps, the clusters overlap.
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With a 3 step sampling rate (15 s total acquisition time), the clusters were separated and
the separability (defined here as the ratio of interclass variance to the intraclass variance)
was 45 % as shown in Figure 34[b]. This confirmed our earlier observation that WMRS
yields a better sensitivity when compared to SERDS 67. Also Figure 33 shows that
increase in sampling rate beyond 3 does not enhance SNR of the signal. This shows that
a minimum of three different wavelengths for sampling is sufficient to discriminate
between MGH-U1 and SV-HUC1.
Further the optimum number of cycles required for efficient discrimination was
explored. It was observed that increasing number of cycles, keeping sampling rate at 3
for a time constant 5s did not alter the separability between the PCA clusters for SV-
HUC-1 cells and MGH-U1 cells. An example is given in Figure 34[c], where it can be
seen that the separability did not enhance significantly even for a total acquisition time
that corresponds to 10 cycles. This shows that increasing number of cycles does not
enhance the discrimination efficiency in this case, even though the SNR of the Raman
bands may be higher with higher total acquisition time. Hence it was found that the
threshold SNR required obtaining efficient discrimination may be obtained with one
acquisition cycle at a sampling rate of 3.
Figure 35: PCA of WM Raman spectra of 50 MGH cells and control SV-HUC 1 for a time constant
of 2s and total acquisition time of 6 s. The clusters belonging to the two cell types have been clearly
separated without any overlapping region.
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The next stage was to find the minimum possible time constant that would give
complete segregation of the cell samples. It was observed in this classification
experiment that, the minimum time constant, where the data was completely clustered
was 2 s, corresponding to a total acquisition time of 6 s, as shown in Figure 35. For 1s
time constant, the clusters were not separated for any higher total acquisition time. Thus
the optimised modulation parameters allowed a significant reduction in the total
acquisition time from 200 s to 6 s without compromising the discrimination efficiency
which was demonstrated previously using this technique 83. This is promising for high
throughput cell screening using techniques such as flow cytometry for clinical
applications.
3.7 Conclusion
The Fluorescence background is an obstacle in extracting useful Raman
information from biological samples, especially owing to their high auto-fluorescence.
Mathematical and post processing techniques are effective in suppressing this
background but these techniques can introduce artefacts and hence is not reliable
particularly for clinical and biomedical applications. This makes the usage of
fluorescence suppression techniques a necessity for achieving proper classification of the
data without being skewed by any fluorescence contamination. However, the usage of
fluorescence suppression techniques is considered as a complex, bulky and laborious,
making these techniques less desirable for biomedical applications.
Among the different existing techniques for fluorescence suppression WMRS is
straight-forward to implement. It allows the usage of the traditional Raman system with
a modulating laser. Being compact in that sense, this system is more practical to be taken
into a clinical environment. With the integration of powerful multivariate techniques,
this system would allow the extraction of Raman information devoid of any complex
lock-in-detection schemes. Also, WMRS doesn’t depend on any particular property of
the Raman signal, thus it allows the complete retrieval of the Raman information.
WMRS is a simple and reliable method for obtaining accurate Raman spectra.
Even though WMRS has been demonstrated in a proof of principle level in the past, it
has to be explored and optimised for biological samples. Further exploitation of this
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technique for useful high throughput applications requires a better understanding and
optimization of the modulation parameters. This study systematically analysed the
acquisition parameters of WMRS that affect the SNR of Raman bands. This allowed us
to optimise the acquisition parameters to achieve minimum acquisition time. Our study
demonstrated that, with a modulation amplitude exceeding 160 GHz, the Raman bands
of biological samples are resolvable. It was observed that the SNR of Raman bands
increases with the time constant (single acquisition time) and the total acquisition time.
The sampling rate did not affect the SNR of Raman bands as long as 3 or more
wavelengths were sampled. This means that the optimum acquisition parameters would
be the maximum modulation amplitude achievable within the mode-hop free region. The
time constant required would depend on the Raman cross-section of the sample of
interest. Using these optimised parameters, a complete discrimination of MGH and SV-
HUC-1 cells with a total acquisition time of 6 s was demonstrated.
This study will enable a wider uptake of WMRS for various biomedical
applications and particularly open up new prospects for higher throughput Raman flow
cytometry and sorting 84. This work thus gives a systematic procedure to characterise a
WMRS system for biological studies.
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4. Fluorescence Suppression in Fiber Based Tissue
analysis using Wavelength Modulated Raman
Spectroscopy
4.1 Introduction
Fiber based implementation of Raman spectroscopy has been used for a variety
of bio-medical applications51, 85. A detailed discussion of the different design aspects of
the fiber Raman probes and their applications are discussed in details in chapter 2
section 2.3.2. A fiber probe may exploit the advantages of Raman spectroscopy along
with the ability to guide light flexibly for endoscopic applications, making it an ideal
candidate for in vivo or ex vivo chemical analysis of tissues53, 54. Since Raman spectra
provide a tissue-specific fingerprint of the sample, pathological changes in a tissue
samples are reflected in the Raman spectra and can be subsequently used for diagnostic
applications with suitable multivariate analysis86.
In the case of highly scattering samples such as tissues, the light beam scatters
within the sample and the Raman signal (diffuse photons) itself undergoes multiple
scattering, a process generally termed Raman Photon Migration, which causes high
fluorescence background 87. Additionally, when a fiber Raman probe is used, the fiber
material itself contributes significantly to fluorescence in the finger print region86.
One of the main issues in fiber based Raman study is this additional unwanted
background signal generated by the fiber probe itself. This generated signal is
proportional to the fiber length and can limit the detection capability of the technique.
The background signal generated by the material of the fiber (fused silica) can be
stronge and can even be stronger than the Raman signal from the sample. Suppressing
the fluorescence thus becomes a critical step to retrieve the weaker signals recorded
using fiber based Raman systems. Importantly, variations in the background
fluorescence can affect the resultant sensitivity/specificity when classifying real
biological samples. Hence suppressing the background contribution, which consists of
both the autofluorescence and the fluorescence generated with the probe, is an important
step for fiber based studies.
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This chapter investigates the potential of WMRS in suppressing the fluorescence
background when acquiring a Raman signal from tissue samples using a fiber based
Raman system. The feasibility and advantage of using WMRS in conjunction with a
fiber based system is demonstrated by applying WMRS for performing fiber probe based
Raman spectroscopy on bone tissue samples. This chapter mainly focuses on four
different conditions while performing tissue studies. While performing WMRS, the basic
assumption is that the background fluorescence remains constant during the wavelength
modulation which is not completely true in practice. Two main sources of background
fluctuations are photobleaching of the sample and power fluctuation of the laser during
wavelength modulation. An algorithm to simultaneously correct for these fluctuations is
presented and enhancement in SNR with the use of this algorithm is demonstrated.
The background luminescence characteristic of a system is strongly dependent on
the length of the fiber probe. The effectiveness of WMRS for background suppression,
irrespective of the probe characteristics is demonstrated by comparing the performance
of fiber probes with different fiber pigtail lengths. Further, the ability of WMRS to
enhance SNR of Raman bands when studying other tissue types have been demonstrated
by analysing adipose tissues derived from different species. Finally this chapter
addresses an important aspect of fiber based systems that would help its translation to
clinical settings. It has been demonstrated that WMRS can be used for suppressing the
spectral contributions from ambient light in the recorded Raman spectra.
4.2 Implementation of Wavelength Modulated Raman Spectroscopy
in fiber based Raman system
The design of the fiber based Raman system is already discussed in
section 2.5.2 and the optical setup is shown in the same section (Figure 19). The specific
details and the implementation of WMRS are as follows. The 785 nm tunable diode laser
was used for this study as well. The laser beam was coupled to the excitation part of the
Raman Probe (Emvision LLC) after passing through a line filter. The collection part of
the probe was then coupled to the spectrometer using an F-number matcher. The F/# of
the spectrometer was 4 and that of the collection fiber was 2.27. Hence, a pair of lenses
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with focal length 16 mm and 10 mm was used in the F-number matcher, between which
an edge filter (SEMROCK) was inserted to filter out 785 nm photons.
The spectrometer was equipped with a 400 lines/mm grating with a deep
depletion, back illuminated and thermo- electrically cooled CCD camera. Modulation of
the excitation wavelength was achieved by applying an external voltage to a
piezoelectric actuator within the laser cavity, whose maximum mod-hop free tuning
range is 200 GHz. The external digital signal is provided via a Multifunction Data
Acquisition (DAQ) module (National Instruments, NI-USB-6211), this can also be
achieved through an external analog signal generator (Keithley). In this study an external
analog signal generator was used to provide wavelength modulation.
The fiber probe used for this study had one optical fiber with a 200 µm diameter
to deliver the excitation beam and seven optical fibres each of 200 µm diameter to
collect the Raman signal. The excitation part in the probe head included a line filter to
filter out background fluorescence from the fiber and the collection part included a high-
pass filter which rejects the 785 nm photons. A gradient-index (GRIN) lens at the tip of
the probe head helped to increase the collection efficiency. The probe had a 1 m long
fiber pigtail and the probe head had a diameter of 4.2 mm. With a working distance of ~
1 mm, the output excitation beam from the probe at 1 mm had a diameter of ~ 500 µm.
In order to avoid signal fluctuations due to variation in the axial height of the
probe head from the tissue surface, the probe was converted to a contact probe by
introducing a sapphire window at the tip of the probe head. This was achieved by
inserting the probe head into a flexible sleeve (Tygon) of inner diameter 4.8 mm, outer
diameter 6.8 mm and length 40 mm, to the end of which a 1 mm thick sapphire window
(Comar optics) was fixed. This contact probe head was pressed against the tissue surface
while acquiring Raman spectra.
The average excitation power at the sample was ~200 mW which corresponds to
~ 25 W/cm2 power densities. In order to compare the probe performances, another
custom designed fiber probe (Emvision LLC) with a 5m fiber pigtail length was also
used to acquire Raman spectra from bone tissue. The optical design of the second fiber
probe was similar to the one described previously except for the longer fiber pigtail
length, which contribute to a higher background from the fiber. Although the probe head
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design was similar it was experimentally observed that the longer probe had higher
collection efficiency while the fluorescence background was higher due to the longer
fiber pigtail.
4.2.1 Sample handling
The samples used for the investigation were bovine bone tissues and adipose
tissue derived from chicken, pork, beef and lamb. The bovine bone tissue was dissected
from the rib of beef; the adipose tissue for the experiment was dissected adjacent to the
rib of the beef, pork and lamb. In the case of chicken the adipose tissue was dissected
from above the chicken breast, all within 48 hrs. of slaughter 88. Care was taken to
ensure that for adipose tissue only the part next to the skin was chosen for the
experiment since the fatty acid composition changes across the cross section of the
tissue88, 89. The Raman signals from all these samples were collected at the ambient
temperature of 19-21 oC.
4.2.2 Raman Acquisition method
The principle of WMRS depends on the fact that, in contrast to the fluorescence
background, the Raman peaks synchronously modulate along with the modulation of the
excitation wavelength. This differential signal is then extracted from the constant
background by using PCA, where a Singular Value Decomposition (SVD) algorithm
was used to estimate the principal components 72. The experiment consists of acquiring a
series of Raman spectra with 5 s single exposure time; each corresponds to a slightly
different excitation wavelength in discrete steps with equal intervals. Each Raman
spectrum was acquired by full vertical binning (FVB) the CCD.
The wavelength of the excitation beam was varied in discrete steps in a
symmetric trapezoidal pattern with a total acquisition time period 30 s. The amplitude of
the modulation was  =160 GHz which corresponds to a wavelength shift of
0.32nm  . For the tissue analysis, the total acquisition time was 30 s corresponding
to 6 spectra. The SNR of the modulated signal depends on the modulating amplitude,
frequency and acquisition time and in-turn these parameters depend on the fluorescence
characteristics and Raman cross-section of the sample, the shape of the Raman peak and
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the detection geometry itself 90. From a measured dataset, a standard Raman spectrum
was obtained by accumulating all modulated spectra belonging to a set. The
wavenumber axis was calibrated using a quadratic extrapolation for four standard Raman
peaks of ethanol in the fingerprint region.
4.2.3 Data Treatment
This section explains in details the data treatment on the acquired Raman spectra.
Each of the acquired spectra was normalised (as explained in the section below) and
PCA was then applied to obtain the modulated Raman spectra from the constant
fluorescence background. The spectrum of the first PC corresponds to the maximum
variation in the data set originating from the continuous shift of the Raman peaks. This
spectrum gives a derivative-like Raman signal with most of the fluorescence background
suppressed. The standard Raman spectrum was smoothed with a Savitzky-Golay filter of
smooth width 9 and order 3.
The SNR measured from the differential spectrum was compared with that from
the standard Raman spectrum obtained for the same peak. The SNR of a particular
Raman peak was estimated as the ratio of the peak intensity value (peak to peak value
for modulated Raman spectra) to the standard deviation of the signal in a Raman free
spectral region (here we chose 2000 – 2060 cm-1 as the noise region) 72. For a fair
comparison between the SNR of standard and modulated Raman, SNR from the first
differential of the standard Raman spectrum was also estimated. Signal to background
(S/B) of a Raman peak was estimated as the ratio of the height of the Raman peak from
the fluorescence background to the height of the fluorescence background91, after
subtracting the dark current of the CCD from the recorded spectrum. For each sample 20
different spectra were collected to ensure reliable statistics.
4.3 Algorithm for the simultaneous correction of photo-bleaching and
power-fluctuation
The basic assumption of the WMRS technique is that only Raman peaks get
shifted between different short acquisitions while the fluorescence background remains
constant. In practice, this is not completely true. The power of the laser source fluctuates
(~ 5% as shown in Figure 37b) while the wavelength of the source is modulated70.
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Another source of fluctuation in the fluorescence background (especially in the case of
tissue samples) is the photo-bleaching of the sample. In order for the PCA procedure to
pick out the Raman peak, both of these two fluctuations have to be corrected
simultaneously.
Figure 36: A set of 36 Wavelength Modulated Raman Spectra corresponding to 6 modulation cycles
for a bovine bone tissue.
Although photo-bleaching results in an exponentially decaying fluorescence
signal, within a relatively short acquisition time (10s of seconds), this can be corrected
by subtracting the signal with a linear or second order polynomial fit. The power
fluctuation can be normalised by estimating the normalization factors from the Raman
free spectral region (background region).
In order to demonstrate the process of correcting for power fluctuation and
photo-bleaching, a set of 36 wavelength-modulated Raman spectra, corresponding to six
modulation cycles is chosen as shown in Figure 36. Each spectrum is acquired with 5s
acquisition time and the dataset is represented as a 1024x36 matrix. Each column in this
dataset corresponds to a single Raman spectrum and each row corresponds to variation
of intensity of the spectra at a particular pixel. Without these fluctuations, a row in a
Raman band region should be periodically fluctuating while a row in a background
region should ideally be non-fluctuating.
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Figure 37a to Figure 37h details the correction procedure, where in each plot, one
data point corresponds to the pixel intensity of a single Raman spectrum. The first step is
to find the factors to correct for power fluctuation for which the mean of 10 rows from
2000 cm-1 in the background region was estimated (Figure 37a). To separate the power
fluctuation information from variation due to photo-bleaching, a second order
polynomial fit was performed on this mean data. Subsequently this fit was subtracted
from this mean data. Each of the elements in this fit-subtracted data was subsequently
divided with the intensity value of the 14th acquisition (chosen randomly) to obtain
factors to correct for power fluctuation (Figure 37b).
Figure 37: Illustration of the procedure to correct the signal for power fluctuation and photo-
bleaching, using a dataset of 36 Raman spectra. Each point in the plots [(a)] to [(h)] corresponds to
the pixel intensity of a single Raman spectrum. (a) Mean value of adjacent 10 pixels from 2000 cm-1
in the noise region. (b) Normalization factors obtained from the data shown in [(a)] after correcting
this data for photo-bleaching by subtracting a second order polynomial fit. (c) Variation of signal
intensity of a pixel at a Raman band region. (d) Signal shown in [(c)] after normalization using the
normalization factors shown in [(b)]. (e) Signal shown in [(d)] after correcting for photo-bleaching
by subtracting second order polynomial fit. It can be seen that the signal periodically fluctuates
which corresponds to the modulation of the wavelength of excitation. (f) Variation of signal intensity
of a pixel at a noise region. (g) Signal shown in [(f)] after normalization using the normalization
factors shown in [(b)]. (h) Signal shown in [(g)] after correcting for photo-bleaching subtracting a
second order polynomial fit, Std- Standard deviation of signals. (i) Flow chart showing the correc-
tion procedure.
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After obtaining the correction factors, each row in the dataset was corrected for
photo-bleaching by subtracting the data with a second order polynomial fit, followed by
dividing with the correction factors (Figure 37b) in order to compensate for the power
fluctuations. The effect of this correction is illustrated in Figure 37c to Figure 37h.
Figure 37c shows a row in the region of a Raman peak. After correcting for power
fluctuation the resultant data is shown in Figure 37d where it can be seen that although
there is a periodicity in the signal, the signal is decaying due to the photo-bleaching
effect. After correcting for photo-bleaching, the data as seen in Figure 37e is periodically
fluctuating. This corresponds to the wavelength modulation of the Raman peak. Figure
37f shows a row in a fluorescence background region. Figure 37g shows the data after
power fluctuation corrections and Figure 37h shows the data after correction for photo-
bleaching. It can be seen that the ratio of standard deviation of the array in Figure 37e
and Figure 37h is one order of magnitude higher than the ratio of standard deviation
between the arrays in Figure 37c and Figure 37f. This naturally translates into a better
distinction of Raman peak and fluorescence background when PCA is applied to this
series of modulated Raman spectra. The Matlab code for the correction procedure is
given in Appendix II at the end of this thesis.
4.4 Need for Fluorescence Suppression in Bone Tissues
Studying and understanding the chemical composition of bone tissues is an active
field of research in biomedicine. This is mainly because local changes in the mineral
composition and the mineral/matrix ratio reflects aspects such as bone maturity, disease
state and the degree of microscopic-damage92, 93. Most importantly monitoring the
composition of the bone tissues plays a major role in early stage cancer detection due to
metastasis especially in the case of breast cancer94.
Several studies have been reported in the area of analysing bone tissues using
fiber probe based Raman system in the last decade93, 95-99. However, bone tissue exhibit
relatively high fluorescence background as shown in Figure 38. Several studies
attempted bone fluorescence suppression using various methods. This includes methods
such as the treatment with hydrogen peroxide, acetone, brine and even detergents,
though these may compromise the integrity of the sample93, 100 . Another approach to
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suppress bone fluorescence utilised photo-irradiation of the tissue sample with 532 nm
laser wavelength for a period ranging from 2 to 4 hrs., acknowledging that the sample
could be damaged after the first 40 min 92, 93. Hence, it is important to demonstrate a
non-destructive fluorescence suppression technique for bone tissue studies. This is the
main reason for choosing bone tissue to demonstrate fluorescence while using fiber
Raman probes.
Figure 38: Raw Raman spectra of different tissue types collected from, the bone, cartilage, fat,
muscle and skin of chicken. It can be seen that in comparison to other tissue types, the bone tissue
exhibits significantly high fluorescence background.
4.5 Fluorescence Suppression Using Wavelength Modulated Raman
Spectroscopy in Fiber Probe Based Bovine Bone Tissue Analysis
Raman spectra of bovine bone tissue was acquired using the fiber based Raman
system with a fiber Raman probe of pigtail length 1 m. A comparison of the standard and
modulated Raman signal is shown in Figure 39. It can be seen that WMRS has
suppressed the giant fluorescence background accompanying the Raman bands and all
the peaks are clearly visible in the modulated Raman spectra due to an enhanced in the
SNR of the Raman bands.
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Figure 39: A comparison between the standard and modulated Raman spectra of bovine bone tissue
acquired with a total acquisition time of 30 s. It can be seen that all the prominent peaks that are
hidden within the giant fluorescence background can be clearly seen in the Modulated Raman
spectra.
Each Raman spectrum was acquired with a time constant of 5 s and a total
acquisition time of 30 s. The mineral and matric bands in the Raman spectrum of a bone
tissue occur mainly in the spectral region ranging from 800 – 1680 cm-1. The prominent
Raman bands in a bone tissue are given in Table 2.
Table 2: Raman spectroscopy band assignments for the bone tissue
Spectral region (cm-1) Raman band assignments
959-960 Phosphate
1069-1071 Carbonate
1245-1250 Amide III
1447-1451 CH2 scissoring
1668-1672 Amide I
4.5.1 Effect of Fiber Pigtail Length When WMRS is Implemented
Raman spectra of the same bovine bone tissue sample were acquired using fiber
Raman probes of differing pigtail lengths. A comparison of the standard and modulated
signal of the sample using the different probes is shown in Figure 40. This experiment
was performed with two different Raman probes of differing pig tail lengths – 1 m and 5
74
m. It can be seen that the signal to background ratio for the phosphate 1 peak (marked
in the figure by a star symbol) at 960 cm-1 is higher for the probe with the shorter fiber
pigtail due to the higher fluorescence contribution from the material of the fiber.
However it was observed that there was a significant enhancement (~ 8 times) in the
phosphate 1 Raman peak in the modulated signal when compared to the standard for
both of the fiber Raman probes.
The higher SNR for the fiber probe with the longer fiber pigtail is due to the
higher collection efficiency of that probe. With this technique even the other weak peaks
at 1070 cm-1 corresponding to the carbonate 1 , the amide III peak at 1245 cm
-1, CH2
scissoring at 1451 cm-1 and the amide I peak at 1672 cm-1 were amplified as shown in
the Figure 40 92. The total acquisition time required to collect this signal was 30 s.
Figure 40: Comparison between the Standard and Modulated Raman signal of bovine bone tissue
recorded using two fiber probes with different fiber pigtail length. The SNR has been estimated
from 20 Raman spectra acquired with a total acquisition time of 30 s each. The modulated Raman
spectrum has been obtained by applying PCA to 6 Raman spectra acquired with single acquisition
time of 5 s each. Standard Raman spectrum has been obtained by accumulating 6 Raman spectra
acquired with single acquisition time of 5 s each. (Peak assignment:- phosphate ν1: 960 cm-1, 
carbonate ν1: 1070 cm-1,  amide III: 1245 cm-1, CH2 scissoring: 1451 cm-1, amide I: 1672 cm-1). 
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4.6 Fiber Based WMRS for Analysing Adipose Tissues
The WMRS technique may also be used to analyse samples with relatively high
Raman cross-section, since WMRS can enhance the SNR of the Raman peaks. In order
to demonstrate this, the Raman spectra of adipose tissues from 4 different species
namely pig, lamb, chicken and beef were analysed. The Raman spectra of the adipose
tissues may be an indicator towards the quality of different animal fats88, 89. Figure 41
shows the standard and modulated Raman spectra acquired from adipose tissues of four
species. It can be seen that the SNR has been enhanced by a factor of approximately two
when WMRS is implemented.
Figure 41: Comparison between the Standard and Modulated Raman Mean spectra of the adipose
tissue from Pork, Lamb, chicken and Beef. The SNR has been estimated from 20 Raman spectra
acquired with a total acquisition time of 30 s each. Modulated Raman spectra have been obtained by
applying PCA to 6 Raman spectra acquired with single acquisition times of 5 s each. Standard
Raman spectra were obtained by accumulating 6 Raman spectra acquired with single acquisition
times of 5 s each.
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It can be seen that even the weak Raman bands at 1125 cm-1 corresponding to the
in-phase aliphatic C–C stretch and the Raman band at 1260 cm-1 corresponding to the in-
plane olefinic hydrogen bend are clearly visible in the modulated Raman spectra. The
prominent Raman bands for adipose tissue are shown in Table 3.
Table 3: shows the band assignments for adipose tissue.
Spectral region cm-1 Raman band assignments
1060 – 1065 Out-of-phase aliphatic C-C stretch
1080 – 1090 Aliphatic C-C stretch
1100 – 1135 In-plane aliphatic C-C stretch
1250 – 1280 In-plane olefinic hydrogen bend
1295 – 1305 Methylene twisting deformations
1400 – 1500 Methylene scissor deformations
1670 – 1680 / 1650 – 1660 Olefinic stretch (trans / cis)
1730 – 1750 Carbonyl stretch
4.7 Ambient Light Suppression Using Wavelength Modulated Raman
Spectroscopy
Traditionally the Raman signal from a sample is collected in a dark environment.
This is mainly because the Raman signal is already weak and in the presence of stray
light, the Raman signal can easily get overshadowed. In that case it is not possible to
retrieve the Raman signal. Hence usually the ambient light sources are turned off to
acquire a Raman signal. This is also essential to avoid interference from the ambient
light source since most of the light sources have their spectral signature in the fingerprint
region.
This makes it difficult to apply Raman spectroscopic techniques for clinical
procedures since the surgeon would find it difficult to adapt their eyes to the varying
ambient light intensity levels when the lights are turned on and off between positioning
and collecting the Raman signal. This also could lead to enhanced exposure times for the
patient to undergo a biopsy or diagnosis. The principle of WMRS is that any signal
which is independent of the excitation wavelength could be removed from the Raman
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signal. This essentially means that WMRS can suppress ambient light contribution and
even deformation process like etaloning, filtering and grating transmission functions.
This study focuses on demonstrating Raman acquisition with the ambient lights on.
4.7.1 Experimental details
The optical set up is similar to the one discussed in section 4.2. The fiber Raman
probe used for this study was manufactured from Emvision, LLC (Loxahatchee, FL,
USA) and consists of one excitation fiber surrounded by 24 collection fibres with
integrated filters at the distal end. The collection fibres were focused with a cylindrical
lens and an f-number matching lens to the entrance slit (100 μm) of the spectrometer. As 
detector the Newton CCD was used. The modulation of the laser system and the
synchronization of the CCD were done via Matlab and a digital input/output box from
National Instruments (NI USB 6009). The sample used for this study is para-
acetylaminophenol (Paracetamol) for a total acquisition time of 6 s. For the Paracetamol
dataset the probe was mounted 1 mm above the sample. Spectra were collected in the
same positioning with light on and light off to compare both measurements as shown
above. The integration time was set to 0.2 s. The dataset consists of 40 spectra.
4.8 Leaving the Lights On
To enable the clinical application of Raman spectroscopy, it is important that the
technique is insensitive to the ambient light conditions and light pollution by control
monitors. To demonstrate the principle of light removal by means of WMRS, Raman
spectra were collected from Paracetamol using a fiber probe. One spectrum was acquired
with lights switched off Figure 42(a) and another spectrum under the same positioning
with ambient light Figure 42(c). Figure 42(e) shows the difference spectrum of the
standard Raman spectrum at the same scale. Eight additional bands are present.
These bands can be assigned to the NIR spectrum of the light source. Figure 42
(b) and (d) shows the modulated Raman spectra with light off and on, respectively. In
the difference spectrum of both the modulated spectra, Figure 42(f) only noise is visible
which indicates the removal of room light due to the modulation. The modulation of the
excitation wavelength generates Raman bands which shift with the modulation, whereas
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the light bands will remain constant at distinct band positions. Due to the fact that the
PCA pre-processing is sensitive to the largest variations in the standard Raman data set,
the light bands are directly filtered out. The same was recently demonstrated on
biological sample such as the liver tissue101.
Figure 42: Raman spectra of Paracetamol without (a) and with room light (c), modulated Raman
spectra of Paracetamol without (b) and with room light (d), difference spectra of Raman spectrum
(e) and the modulated Raman spectrum (f).
4.9 Conclusion
This chapter detailed the implementation of WMRS based fluorescence
suppression on a fiber Raman system. Although fiber probe based Raman spectroscopic
analysis of tissues is a well explored technique, the auto-fluorescence of the sample and
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the fluorescence background from the fiber are some of the issues which limits the
applicability of this technique. This study demonstrates how WMRS could enhance
signal to background ratio and SNR of Raman bands when implemented in a fiber probe
based Raman systems. It was demonstrated that WMRS may be easily implemented in
fiber Raman probes based systems as it only requires modification of the laser source
and the use of suitable post-processing algorithms. One of the issues to be tackled when
performing WMRS on the tissues is the photobleaching effect of the sample, which is
due to the relatively strong autofluorescence from the sample. Correcting for this
variation is not straightforward as this fluctuation is mixed with the power fluctuation of
the source when the wavelength is modulated. This study put forward an efficient
algorithm to simultaneously correct for the photo-bleaching of the sample and power
fluctuation of the laser source.
WMRS has been implemented in analysing the Raman spectra from bone tissue
samples, which have relatively high auto-fluorescence. Significant enhancement was
observed for Raman peaks when WMRS was implemented and Raman spectra with a
reasonably good SNR could be obtained with just 30 s acquisition time, without any
special sample preparation. It was also demonstrated that WMRS is applicable for
different probes. Further it was demonstrated that WMRS enhanced Raman signal when
the fiber probe was used for ex vivo chemical fingerprinting of adipose tissues derived
from various species. When implemented in fiber Raman probe-based tissue analysis,
WMRS can be a powerful tool that may lead to the realization of Raman spectroscopy-
based early disease diagnosis.
Another important practical issue when using fiber Raman probes for tissue
analysis is the spurious peaks in the spectrum, contributed by ambient light.
Conventional practice is to acquire Raman spectrum in a dark environment, which is not
practical in a real clinical environment. It has been demonstrated that WMRS can
successfully overcomes this key issues that complicate the acquisition of Raman spectra
of tissues under real-time in-vivo situations in a clinical environment. It has been
demonstrated that WMRS is capable of suppressing the non-varying peaks contributed
by the ambient light, resulting in pure Raman signature of the tissues.
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Combination of WMRS with fiber Raman probe allows Raman spectra to be
acquired even from highly fluorescent tissues offers simplification in data processing
and may contribute to improvement in classification studies. There is potential to reduce
the present exposure time of 30 s using more stable laser systems that allows faster
modulation of wavelength. Additionally, high sensitive probes and high throughput
spectrometers will improve the usability of this technique for clinical applications. With
these developments WMRS may be the method of choice for in-vivo Raman
measurements in the future.
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5. Background Suppression in Surface Enhanced
(Resonance) Raman Scattering using WMRS
5.1 Introduction
Surface enhanced Raman scattering (SERS) was first observed in the 1970’s
when a significant increase in Raman scattering was recorded following the absorption
of pyridine molecules onto the surface of a roughened silver electrode.102. This initial
discovery paved way to the field of surface enhanced Raman spectroscopy, with several
works being reported since that period. In order to explain this phenomenon two main
mechanisms have been suggested. The first proposed mechanism revolves around a
chemical enhancement which is reliant on the formation of a chemical bond between the
adsorbed molecule and the metal surface, thus allowing charge transfer excitations to
occur between the molecule and the metal103. The second mechanism is the
electromagnetic enhancement and this mechanism is widely accepted as being the
dominant mechanism of those proposed104. The electromagnetic enhancement occurs
following the collective excitation and oscillation of the conduction band electrons of the
roughened metal surface, known as the surface plasmon. The Raman-active molecules
adsorbed onto the metal surface experience an increased local electric field intensity
thereby enhancing the inelastically scattered Raman photons. A further enhancement
may occur if the incident excitation frequency coincides with the frequency of an
electronic transition within the analyte molecule known as a chromophore. This
resonance enhancement gives rise to surface enhanced resonance Raman scattering
(SERRS)105.
Single molecule detection using SERS in 1990s enhanced the reputation of SERS
as an ultra-sensitive analytical tool for biological studies owing to its potential in
providing a wealth of information regarding the precise molecular structure of the
detected single molecule105-108. Despite the high sensitivity and wide uptake of the SERS
technique, the technique still has drawbacks in terms of the reproducibility of the
substrate102, 109. The reproducibility of SERS signal, whether the nanoparticle is used
individually or in an array depends on the size, shape, inter-particle separation110. The
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characterisation and optimisation of these parameters to improve signal reproducibility
are by themselves active areas of research111. Another important issue which the SERS
community has attempted to both address and eliminate is the source of a significant
interfering background signal that is superimposed along with the SE(R)RS signal112.
The inherent background signal generated during SERS analysis has been shown
to have a dependence on the dimensions of the SERS substrate.112. A major challenge
facing the SERS community is to create a reproducible substrate which shall eliminate
any background from the SERS signal, to ensure even better signal to noise ratio. This
study addresses the later aspect where the feasibility of using WMRS on different
SE(R)RS substrates to suppress the background is demonstrated. This study also
compares the SNR enhancement between Wavelength Modulated – SERS (WM-SERS)
and standard SERS.
5.2 Background in Surface Enhanced (Resonance) Raman Scattering
SERS and SERRS greatly improve the sensitivity of conventional Raman
spectroscopy and have provided a means by which single molecule detection can be
achieved.107, 113. However, in both of these spectroscopic techniques a broad continuum
called the ‘background’ accompanies the enhanced Raman signal, whose origin is the
topic of lively debate112, 114, 115. The SE(R)RS enhancement is crucially dependent on
parameters such as the size and morphology of metallic nanomaterials as well as the
coupling between them. The signal is extremely sensitive to even minute changes in any
of these parameters108, 116. The ‘background’ signal obtained has been shown be variable
and fluctuations in this signal are a major disadvantage in achieving a reproducible
SERS spectra which can be utilised for quantification and automation. In contrast to
conventional Raman spectroscopy where fluorescence often contaminates the spectra, it
is not possible to switch to higher excitation wavelengths in the near-infrared (NIR)
region of the spectrum to completely eliminate the ‘background’ signal being obtained.
In the case of SE(R)RS, as plasmonic resonances occur over the entire electromagnetic
spectrum for a range of materials of different shapes and sizes it is not possible to switch
to higher excitation wavelengths to remove this background signal. Consequently a
SERS background has been observed even with NIR excitation117. This makes it
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important to use background elimination techniques in conjunction with SE(R)RS to
enhance the reproducibility and Signal to Noise Ratio (SNR) of the SE(R)RS signal.
Since WMRS has already been demonstrated as a potential fluorescence
suppression technique in standard Raman spectroscopy, it has the potential to be
combined with SE(R)RS as well118. Techniques such as time-resolved Raman
spectroscopy (TRRS)119 and polarization modulation Raman spectroscopy (PMRS)61
depend on the temporal and polarization properties, which are poorly understood in the
case of SE(R)RS. Hence it may not be straight forward to implement these techniques
for luminescence suppression in SERS. Since WMRS does not depend on the
polarization or temporal properties of the background, if the luminescence background is
not wavelength dependent, it would be straight forward to use WMRS to suppress the
background observed in SER(R)S 64, 69.
Typically standard mathematical techniques such as the first derivative method
may be used in background subtraction procedures, however, these techniques can
introduce artefacts in the final processed SE(R)RS spectra. Hence, manual adjustment
methods are used instead as the shape of the background can be complex. This severely
limits high throughput analysis and quantification. Therefore, an alternative and simple
optical method is required which is conducive to automation for the reduction of the
SE(R)RS background signal.110, 115 One such method believed to be an ideal candidate
for this purpose is WMRS. Moreover, unlike alternative optical methods such as Shifted
Excitation Raman Difference Spectroscopy (SERDS), WMRS employs multiple
excitation wavelengths which thereby enhances the SNR of the final processed spectra67,
120.
5.3 Implementing Wavelength Modulation in Surface Enhanced
(Resonance) Raman Scattering
This section details the implementation of WM-SE(R)RS to eliminate the
background in then enhanced Raman signal. The feasibility of WM-SERS is
demonstrated on various substrates including substrates fabricated in-house and
commercially available substrates. The feasibility of WM-SE(R)RS is demonstrated
using an indocarbocyanine dye on a commercially available substrate. The experimental
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aspects such as the sample preparation procedures, discussion on the optical setup used
for the experiment and the spectral treatment methods shall be briefly discussed in the
following sections.
5.3.1 Optical Set-up for Wavelength Modulated Surface Enhanced Resonance
Raman Scattering
The experimental set-up for this experiment is similar to that described in
section 2.5.1. Briefly, a custom built inverted microscope was used to acquire the Raman
spectra. The microscope was equipped with a tunable diode laser for Raman excitation.
A spectrometer with a 400 lines/mm grating and a deep depletion back illuminated and
thermo-electrically cooled CCD camera was used for recording the Raman spectra. The
wavelength of the excitation beam was varied in discrete steps of modulation amplitude
=160 GHz corresponding to a wavelength shift of = 0.32 nm, in a symmetric
trapezoidal pattern.
5.3.2 Sample Preparation Procedures
The feasibility of WM-SERS is demonstrated on various substrates such as the
in-house built colloidal crystal template electrodeposited sphere segment void (SSV)
gold substrates and Klarite (Renishaw Diagnostics Ltd., Glasgow, UK), both using
benzenethiol (BT) as the probe molecule.
SSV substrates, as shown in Figure 43(a), were prepared using previously
published procedures.111 The detailed steps involved in their preparation are given in
Appendix III. This protocol produced substrates with an array of interconnected
spherical voids. Klarite, representative image shown in Figure 43(b), is a commercially
available SERS substrate which consists of an array of square pyramidal gold coated pits
patterned on a silicon chip. The Klarite surface has been optimised for reproducible
SERS performance when using a 785 nm laser excitation wavelength. Benzenethiol
(Sigma) was used as the probe molecule for SERS experiments with both SSV and
Klarite substrates. For immobilization of benzenethiol on the substrate surface, the
substrates were dipped in a 10 mM solution of benzenethiol in ethanol for 48 hours
before being rinsed with copious amounts of ethanol and dried.
 
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Figure 43: [a] SEM image of a D400 SSV structure [b] SEM image of a Klarite substrate. [c]
Attachment of the indo-cyanine CY7 dye to the substrate. NHS esters of the dye interact with
primary amines resulting in amide bond formation
The feasibility of WM-SE(R)RS is demonstrated through the use of an
indocarbocyanine dye, denoted as CY7, which has a resonance with the 785 nm laser.
For SE(R)RS experiments Cy7 was attached to the surface of Klarite, scheme is shown
in Figure 43(c). The substrates were first functionalised by dipping them in 10 mM
solution of cysteamine in ethanol for 24 hours. Thereafter, the substrates were left
overnight in contact with 10 µM Cy7-NHS ester (Amersham, GE Life Sciences)
prepared fresh in 10 mM phosphate buffer pH 8.1 before being rinsed with copious
amounts of doubly deionised water. The samples were stored in the dark prior to use.
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5.3.3 Spectral Treatment
Figure 44: [a] Flowchart depicting implementation of WM-SE(R)RS, [b] An example of normal and
WM-SERS spectra of BT before and after the implementation of modulation. ([Inset] shift in
Raman peak while the excitation wavelength is shifted.)
The spectral treatment used in this study was similar to the one discussed
previously in chapter 3, section 3.3.1. All the spectra in this experiment were acquired
while varying the excitation wavelength. The acquired Modulated Raman spectra were
then processed using PCA. The first principal component of the PCA yields the
differential spectrum corresponding to the maximum variation in the data set which
consists of the varying Raman peaks amidst a constant background. Figure 44 (a) depicts
the flow chart showing the series of actions for background free differential WM-
SE(R)RS spectra.
5.4 Background Suppression in Surface Enhanced Raman
Spectroscopy
In this study SSV substrates were used to demonstrate background suppression
ability of the WM technique. Figure 45 (a) depicts the SERS spectra obtained of
benzenethiol (BT) on an SSV substrate alongside figure 45 (b) which demonstrates the
background correction capabilities of WM-SERS for the same substrate.
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Figure 45: Typical representation of [a] normal SERS and [b] WM-SERS, of BT on D400 substrate.
Modulated spectra of BT molecules adsorbed on various SSV substrates (D400,
D500 and D800) were acquired systematically at different levels of thickness on a
graded substrate. The variation in thickness results in different void geometries on a
single nanostructured substrate and hence a systematic variation in optical properties121.
Furthermore, it has been previously demonstrated that the SSV spectral background
varies with the changing film thickness112. Thus, the SSV substrates are ideal model
substrates to study the applicability of WM techniques for the elimination of the
background signal in SERS which varies as the geometries of the nanostructures are
altered.
Figure 46: Cascaded representation of the normal and WM-SERS of BT on D400 graded SSV
substrates with varying film height [a] cascaded plot of normal SERS showing varying background
[b] cascaded plot for WM-SERS depicting suppressed background.
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Thus normal and WM-SERS spectra were acquired in defined steps along the
increasing film height with a total acquisition time of 3 s at each of these points. Figure
46 demonstrates a comparison between the normal SERS spectra and the modulated
SERS spectra of BT molecules adsorbed on a D400 graded SSV substrate (that is
fabricated with 400 nm diameter polymer spheres as a template).
Figure 47: Comparison of intensity plot of the series of spectra, for SERS and WM-SERS for BT on
D400 with varying film height. [a] intensity plot showing varying background for SERS along the
height of the substrate, [b] intensity plot for WM-SERS along the height of the substrate.
The average power at the sample was ~ 5 mW. Figure 47[a] shows the intensity
distribution of the standard SERS spectra measured across the film height of the
substrate. It is clear that a variation in the background signal occurs with variation in the
void height (increasing thickness of the substrate) due to changes in the nanoscale
geometry in the normal SERS spectra. However, the peaks are hardly distinguishable as
the signal to background ratio is poor in normal SERS spectra while the background is
eliminated in the case of WM-SERS as shown in Figure 47[b]. Here the peaks appear as
a combination of sharp bright and dark lines, representing the differential SERS spectra.
From these two figures the advantage of WM-SERS is apparent for absolute signal
(counts) based quantification compared to normal SERS acquisitions. The zero cross-
over point of the differential Raman signal gives the peak position of a particular Raman
band and the breadth of the differential signal corresponds to the linewidth of the Raman
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band. A similar effect was observed for all of the different SSV substrates (D400, D500
and D800) and the Klarite substrate, whose background characteristics are different (as
shown in Figure 48).
Figure 48: Standard and WM-SERS of BT on different substrates such as [a] D400 [b] D500 [c]
D800 [d] Klarite
Along with elimination of the background which increases the signal to
background ratio significantly, a large enhancement in SNR was also observed in WM-
SERS when compared to the standard SERS signal. Figure 49 shows an example of the
enhancement of SNR when WM-SERS of BT was recorded on the Klarite substrate.
The signal was acquired with a single acquisition time of 5 s with a total of 12
steps with the remainder of the modulation parameters being the same as that described
in the experimental section. Figure 49[a], is a typical averaged SERS spectrum of BT on
Klarite. While Figure 49[b] shows the differential WM-SERS spectrum after the
application of PCA. The SNR of the particular Raman peak at 1080 cm-1 was estimated
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as the ratio of the peak intensity value (peak-to-peak value for modulated Raman
spectra) to the standard deviation of the signal in a Raman free spectral region (here a
region starting from 2000 cm-1 to 2018 cm-1 was chosen as the noise region). It can be
seen that there is a significant enhancement of >8 times in the SNR of the Raman band
at 1080 cm-1.
Figure 49: The standard (top) and modulated (bottom) SERS spectrum of BT probe molecule on
Klarite is shown here. Background suppression, along with the corresponding enhancement in the
SNR is also shown.
5.5 Background Suppression in Surface Enhanced Resonance Raman
Scattering
In SERS, the background is attributed primarily to the metal-molecule
interaction,112 while in resonant SERS (SE(R)RS) the background observed additionally
contains a contribution from metal-enhanced fluorescence which can dominate the
spectrum and completely mask the Raman peaks. Hence the efficiency of the WM
technique for elimination of the background in SERRS was tested. In this experiment,
CY7 dye was used as the probe molecule since it is resonant with the 785 nm laser.
Figure 50[a] shows the spontaneous resonant Raman spectrum measured with bulk CY7
molecules with an average power of 15 mW at the sample.
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The Raman spectra obtained, as shown in figure 50 (a), was dominated by the
background signal and as a result the Raman peaks were undistinguishable due to a very
low signal to background ratio. Figure 50[b] shows the SE(R)RS spectrum acquired
from a monolayer of CY7 molecules immobilised on a Klarite substrate with an average
power of ~ 200 µW. Although the signal to background ratio in the SE(R)RS signal is
relatively better and many more bands are visible when compared to its normal resonant
Raman counterpart, there is still a strong background signal present and a poor overall
signal to background ratio. Figure 50[c] shows the corresponding WM-SE(R)RS spectra
acquired with a total acquisition time same as that in the normal SE(R)RS experiment
after implementing wavelength modulation. It can be clearly seen that the WM-SE(R)RS
spectra has a significantly improved signal to background ratio and all the prominent
bands are clearly distinguishable.
Figure 50: [a] Raw Raman Signal from bulk CY7 [b] SERRS of CY7 on Klarite [c] Mod-SERRS of
CY7 on Klarite.
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These results clearly demonstrate that wavelength modulation is effective
in eliminating the background in SE(R)RS signals and thus may enable automated
analysis and quantification. Implementation of WM-SE(R)RS results in an enhanced
signal to background ratio as well as an increase in SNR. Another aspect worth noting is
that the background does not vary with a slight shift in the excitation wavelength for
both SERS and SERRS. Hence, the background shows typical characteristics expected
of a luminescence like processes. While for SERRS this might be expected as the
background is postulated to have contributions from fluorescence-like processes, for
SERS this presents an interesting direction for further research. A combination of
wavelength and temporal modulation could lead to a greater insight into the nature of the
SERS background and further development of its theoretical model.
5.6 Conclusions
SERS and SERRS provide significant increases in sensitivity over the standard
Raman spectroscopic technique. The high sensitivity of this technique has fostered
research in the different aspects of this field irrespective of the fact that the underlying
principal of this technique remains disputed. Fabrication of SERS substrates remains a
challenging independent field of research. The main criterions for these substrates are
reproducible production as the substrate configuration can influence both the SERS
signal and the corresponding background. Any change in the dimension of the
nanoparticle constituents of the substrate can in-turn affect the reproducibility of the
SERS signal. This is one of the main obstacles needing to be overcome by the SERS
community. Apart from this the source of the SERS background is another aspect which
is again a subject of lively debate. From the perspective of application oriented research,
suppressing the background in SERS is considered to be an important step towards
automated analysis and quantification.
In this study the issue of background suppression in SERS and its resonance
version is addressed with the WMRS technique. Although the SE(R)RS technique is
capable of enhancing the sensitivity of Raman spectroscopy, the background continuum
observed in the corresponding spectra reduces the effective signal to background ratio.
This study demonstrates that WMRS is an effective and easily implementable technique
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to eliminate the background observed in SE(R)RS spectra. Feasibility of WM-SE(R)RS
to obtain background-free SE(R)RS signal has been tested with various SERS substrates
including different SSV substrates such as D400, D500, D800 and the commercially
available Klarite, all of which show variable background levels. For all of these studies
BT was used as the probe molecule. It was observed that the variation in the background
is negligible in the case of WM-SERS when compared to its normal SERS counterpart
even when the geometry of the substrate is varied.
WM-SERS also demonstrated significantly high SNR when compared to the
standard SERS. WMRS also proved to be useful to completely alleviate the problem of
the background in SERRS as well. Along with suppression of the background signal, a
significant increase in the intensity of the Raman bands was also observed, which
resulted in SNR enhancement. Since the background is stable and does not change with
slight modulation of the excitation wavelength, the source of the background may be a
luminescence-like process. WM-SE(R)RS allows the acquisition of background-free
SE(R)RS signal that has improved reproducibility and SNR with minimal modification
in the experimental setup and may enable automated analysis and quantification.
Relevant Publications
 B. B. Praveen, C. Steuwe, M. Mazilu, K. Dholakia and S. Mahajan,
"Wavelength modulated surface enhanced (resonance) Raman scattering for
background-free detection," Analyst 138(10), 2816-2820 (2013)
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6. Ultra-sensitive Label-free Identification of Major
Immune Cell Subsets Using Wavelength Modulated
Raman Spectroscopy
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7. Discrimination of Ex-vivo Normal Colon and Colonic
Adenocarcinoma using Raman Spectroscopy &
Optical Coherence Tomography
7.1 Introduction
It has been demonstrated by previous studies that the combination of Raman
spectroscopy and optical coherence tomography (OCT) can be used as an effective
multimodal tool for disease diagnosis137-139. There are two main challenges facing the
implementation of a combined Raman-OCT system; the implementation of the hardware
and the analysis of the complementary information obtained from both modalities. As
previous studies have focused primarily on the implementation of the complex hardware,
this chapter shall address the combination of the information gained from these
complementary modalities i.e. in this study the biochemical information of tissues from
Raman spectroscopy and the morphological information of tissues from OCT are
quantitatively combined. Further to this the accuracy of the classifier using both
individual and multimodal information has been assessed and a clear increase in
classifier accuracy has been detected when the multimodal information was included.
These studies demonstrate the potential of developing multimodal systems by
combining Raman spectroscopy and OCT, which in the future may be capable of
performing efficient non-invasive optical biopsies.
In cancer biology neoplasia is the term used for tissues masses which grow
independent and faster than the normal tissues33. A neoplasm, or tumour, can be further
classified on the basis of its potential to harm the host as either benign or malignant
(cancer). According to the Cancer Research UK statistics, there are more than 200 types
of cancer. The statistics also show that in the UK in 2010, the number of people
diagnosed with cancer reached 325,000 with almost 157,000 deaths. These figures show
that due to the significant number of new cases of cancer being diagnosed and the high
rates of patient mortality recorded that there exists a continuing demand for intensive
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research to focus on understanding the origins of cancer and to provide a solution for
early detection to increase the survival rate.
Neoplastic cells and tissues are identified and characterised by increases in
nuclear material, cell mitoic activity and metabolic activity as well as a progressive loss
of cell maturation. Studies have shown that specific changes in nucleic acid, protein,
carbohydrate and lipid content which are associated with neoplastic cells can be
characterised using Raman spectroscopy.33 The most common cancer diagnosed in the
UK is breast cancer, early research in this field using Raman spectroscopy by Frank et
al. showed a decrease in spectral intensity associated with the diagnostic peaks
corresponding to both the lipids and carotenoids for benign breast tissues140. Another
area of high intensity research has been in the area of brain tumours, where normal tissue
and neoplastic tumour samples of human origin were extensively studied141. Preliminary
studies on colorectal carcinoma by Feld et al. have shown intense vibrational modes
associated with nucleic acids in relation to carcinoma samples142. Research in the field of
cervical cancer59, bladder cancer142, colon cancer142, 143, prostate cancer143 has also been
performed and diagnostic bands have been successfully identified in relation to the
biochemical makeup of these tumours.76, 77 However, improving the sensitivity (true
positive rate) and specificity (true negative rate) of cancer detection, still remains to be a
challenge while using Raman spectroscopy mainly due to the interference of the
fluorescence background which is obtained from the sample itself.
Colorectal neoplasm is an epidemiological disease and is considered the second
most common cancer in the UK144 and the fourth most common cancer in the US 46. The
investigation of patients with suspected colorectal cancer, or the surveillance of
individuals at high risk of the development of colorectal cancer, is currently performed
by an endoscopic assessment of the colorectal mucosa using colonoscopy. This requires
visual assessment of the mucosa, with a targeted biopsy of any abnormal areas. Both the
colonoscopic assessments, and the subsequent histopathological assessment of the
biopsies, are both highly subjective. The development of novel methodologies that
enhance the ability to assess the colorectal mucosa would not only improve the targeting
of biopsies to the most appropriate areas, but would also potentially obviate the need for
tissue biopsy.
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The biochemical features associated with both normal and neoplastic tissues can
be distinguished due to differences in their on-going biological processes145. Section
2.3.1 and 2.3.2 detail the potential of Raman spectroscopy to detect subtle biochemical
changes of various disease states within the body. However, as these changes cause
alterations of biomarker concentrations at particularly low levels then a very sensitive
and powerful technique is required for their detection. Clinical studies on colon cancer
and pre-cancerous tissues using fluorescence spectroscopy have shown that the spectra
obtained from malignant and benign abnormalities are very similar in some patients and
hence hard to classify 122. Near-IR Raman spectroscopy studies on cancerous colon
tissue demonstrated the efficiency of Raman spectroscopy to identify between neoplastic
and normal tissues146, 147. Although previous studies have demonstrated high sensitivities
and specificities when discriminating between normal and adenocarcinoma colonic
tissues, the Raman spectra obtained in these studies do not show a significantly different
fingerprint spectrum in respect to both normal and abnormal tissue. Another crucial
factor to be considered would be the occurrence of inter-patient variability in the
chemical composition of colonic tissues148. Therefore, when considering inter-patient
variability 145, the classification efficiency may be lower than the acceptable limits for
using Raman spectroscopy alone as a reliable tool for disease diagnosis.
The solution to this issue would be to combine Raman spectroscopy with other
optical modalities, which can provide complementary information for the tissues.
Optical coherence tomography (OCT) is a powerful, non-invasive optical imaging
technique that is capable of providing cross-sectional images of tissues149, 150. It is
possible to obtain morphological information from the tissues with a resolution ~10 µm
using OCT. While visual inspection of OCT images may be used to assess tissue
morphologies, it has been demonstrated that various image-processing approaches can
extract features from OCT images, which may be used to predict the biochemical state of
tissues. An example of such processing techniques would be texture analysis of OCT
images, which has been successful in discriminating between normal and abnormal
tissue types151, 152. The following investigation demonstrates combining quantitatively
the information from Raman spectroscopy and OCT to enhance the accuracy of
detection.
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7.2 Multi-modal analysis of tissue samples using Raman spectroscopy
and OCT
7.2.1 The Confocal Raman spectroscopy
The optical design and the details of the system used in these experiments are
discussed in section 2.5.1 and the specific details are furnished here in this section.
Briefly, the system was equipped with a diode laser for Raman excitation. For detection,
the system was equipped with a monochromator with a 400 lines/mm grating, blazed at
850 nm and a deep depletion, back illuminated and thermoelectrically cooled CCD
camera. The laser was focused through a 40x objective (Nikon, NA 0.65) onto the
sample in such a way that the power at the sample plane was 50 mW which is below the
power density that can create any disruption to the morphology or chemical composition
of the tissue153. With a 500 µm, confocal aperture, the confocal cylinder of the system
had a base diameter of 12.5 µm and a height of 10 µm. Tissue samples were placed on a
quartz coverslip before being loaded on to the confocal Raman microscope. The back-
reflection of the excitation beam was used to ensure that the confocal volume was within
the sample and the position of the sample volume from the quartz coverslip was same for
all the samples. The Raman spectrum from each sample was acquired with an
acquisition time of 5 s.
7.2.2 Optical coherence tomography
The OCT images were acquired utilizing a home-built Fourier domain optical
coherence tomography (FDOCT) system154. The technique adopted in FDOCT permits
the acquirement of a cross-sectional image of the sample of interest avoiding scanning of
the reference arm through the depth range 155, 156, The back-reflected or back-scattered
signal from the sample is acquired in a single event and the Fourier transform of the
collected spectrum delivers the depth information of the sample.
The FDOCT system used in this study consisted of a fiber-coupled
superluminescent diode (SLED371-HP1, Superlum Diodes, Russia) as the short-
coherence light source with a bandwidth of 50 nm centred at 840 nm. Light was split
between the reference arm and the sample arm by a 3-dB fiber coupler (FC850-40-50-
APC, Thorlabs, NJ, USA). The reference arm was composed by a high-reflectivity gold-
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protected mirror (PF10-03-M01, Thorlabs, NJ, USA). Light on the sample arm was
focused on the tissue of interest by a telecentric microscope objective with a working
distance of 25 mm (LSM03-BB, Thorlabs, NJ, USA); scanning along the sample was
accomplished by a sliver-coated galvanometric mirror (GVS001, Thorlabs, NJ, USA).
Back-scattered light from the sample recombine with the reference light at the 3-dB fiber
coupler and the interference signal was detected by a custom spectrometer formed by a
dispersive optical element (volume phase holographic grating, 1200 l/mm, 830 nm,
Wasatch Photonics, USA) and a line CCD detector (Aviiva EM1, part number
EV71YEM1GE2014-BA9, 2048 pixels, pixel size 14×28 μm, e2v, UK). Custom 
software developed using NI Labwindows (National Instruments, TX, USA) was used to
control and synchronise the OCT image acquisition. All fibres used in the system were
single mode for the operation wavelength (SM800-5.6-125, Thorlabs, NJ, USA). Using a
high-reflectivity mirror (PF10-03-M01, Thorlabs, NJ, USA) as sample and a neutral
density filter (ND40B, Thorlabs, NJ, USA) along the sample arm, the signal-to-noise
ratio (SNR) of the system has been measured to be about 97 dB with a CCD integration
time of 80 μs. The SNR could be improved by increasing the integration time 154.
The FDOCT system had an axial resolution of around 6.2 μm limited to the light 
source properties and a lateral resolution of about 17 μm due to the spot size on sample. 
The full depth range was 1.7 mm in air, when considering a typical colon refractive
index of 1.4 157, whilst the maximum depth range decreases to about 1.2 mm. The lateral
scan range can be set up to 5 mm with the galvanometric mirror with 512 lines acquired.
In particular, the field of view of the images presented in this work was restricted to 1.1
mm in depth and 3.2 mm in width. The total acquisition time for a full image is about 1
second due to the CCD integration time and the data processing. The tissue sample
placed on the quartz slide was scanned using the OCT system and cross sectional images
were acquired from each tissue sample.
7.2.3 Tissue samples
The tissue samples used in this study were obtained from Tayside Tissue Bank
(Tissue request no. TR000289). The ethics approval letter is given in Appendix VI. The
tissue samples were snap-frozen immediately following their dissection and they were
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stored at -70 0C. Each sample had a dimension of approximately 2mm x 2mm x 1mm as
shown in Figure 59.
Figure 59: Typical example of colon sample used for this study. The tissue sample was thawed and
placed on a quartz coverslip for Raman and OCT measurements
In this study 33 individual normal and 18 individual tumour samples were used
along with 11 samples that were both normal and tumour samples (the 11 mixed samples
shall hence forth be known as ‘’mix’’) were analysed. For optical interrogation, the
tissue sample was thawed for 5 minutes and placed on a quartz coverslip (22 mm x 22
mm, thickness 180 µm) (SPi supplies). OCT image and Raman spectrum were acquired
from each sample. Further to image and spectral acquisition, the sample was fixed in
formalin for histological evaluation.
Figure 60: Representative histological images from the tissue samples used.
7.2.4 Raman spectra analysis
All the Raman spectra acquired from the tissue were smoothed with a Savitzky –
Golay filter with smooth width 9 and degree 3 followed by baseline correction using
iterative modified polynomial fitting158. The Raman bands that showed significant
differences were estimated using a student-t test with a significance level of 10-3. A
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comparison of the Raman spectra obtained from two types of tissue samples are shown
in Figure 61.
Figure 61: Comparison of Raman signature between normal and tumour tissues. The solid lines
shows mean spectra of each category and the dotted lines shows the standard deviation. The vertical
bar shows Raman bands that shows significance difference in student’s T test with significance level
10-3.
7.2.5 Texture analysis on OCT data
When combining a spectroscopic technique which is usually analysed
quantitatively with an imaging technique that is usually analysed qualitatively, it is
essential to implement a quantification algorithm for the imaging technique. It has been
demonstrated in previous studies that texture analysis may be an efficient method to
quantify OCT images151, 152. Texture is a measure of the variation of the intensity of a
surface and can be quantified using properties such as smoothness, coarseness and
regularity. The three principle approaches used to describe texture are statistical,
structural and spectral. Statistical techniques characterise texture by the statistical
properties of the grey levels of the points comprising a surface. Typically, these
properties are computed from the grey level histogram or grey level co‐occurrence
matrix (GLCM) of the surface. The 16 texture parameters calculated from each image
were the “contrast”, “correlation”, “energy” and “homogeneity” in four directions (00,
450, 900 and 1350). The algorithm used for evaluating the texture parameters and
avoiding the non-tissue regions of the image has been detailed in a previous study. 151
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This algorithm allowed the calculation of the texture parameters independently of the
morphology of the tissue surface. Typical OCT images from normal and tumour tissues
are shown in Figure 62.
Figure 62: Typical OCT images from normal and tumour tissues. It can be seen that there is a
structural difference between the OCT images of normal and tumour tissues, which was quantified
using texture analysis.
7.2.6 Data treatment and discrimination of tissue types
PCA was used for feature selection and reduction of parameters obtained for both
Raman and OCT data. A supervised discrimination algorithm using a support vector
machine (SVM) with a “linear” kernel was used to perform discrimination between the
two tissue types. The sensitivity and specificity of each training dataset was evaluated
using leave one out cross validation (LOOCV). For the Raman and OCT dataset, the first
5 PCs were chosen to build the classifier. In the multimodal approach, the first 5 PCs of
data from each modality were combined to build the classifier. A flow chart of the data
analysis is given in Figure 63.
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Figure 63: Flow chart of the data analysis performed using multi-modal data, where the morpholog-
ical information from Oct is combined with the quantitative information from Raman spectroscopy.
Figure 61 shows the spectral plot of the mean and the standard deviation of the
Raman spectra collected from both the normal colonic mucosa and colonic
adenocarcinoma using the spectral range of 850 cm-1 to 1750 cm-1. The following
prominent Raman bands (cm-1) were detected which correspond to amide I (1655),
protein/lipid (1445), collagen/lipid (1320), amide III (1270), c-c stretch of lipids at 1085
and hydroxyproline (875) can be identified for both samples 122, 148. The standard
deviation of the Raman spectra in the case of both the normal and colonic
adenocarcinoma was substantial and could not be neglected. This may be attributed to
inter-patient variability in the chemical composition of the colon tissues148. The Raman
bands that showed significant variations were identified by performing a t-test across the
spectra with a significance level of 0.1%. The Raman bands which showed significant
difference between the normal and colonic adenocarcinoma are the following: 855 cm-1
(ring breathing mode of Tyrosine), 931 cm-1 (c-c stretch of proline ring/protein), 1002
cm-1 (symmetric ring breathing mode of Phenylalanine), 1122 cm-1 (c-c stretch mode
lipids/protein), 1180-1184 cm-1 (cytosine, guanine, adenine) and 1578 cm-1 (pyrimidine
ring/nucleic acid) 122. Figure 64 shows the cluster plot of first two PCs for the two tissue
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types along with the support vector that discriminates the two tissue types. The
sensitivity and specificity obtained for this dataset was 89% and 77% respectively as
shown in Table 4.
.
Figure 64: Cluster plot showing principal components from each dataset [a] PC1 vs. PC2 clusterplot
showing support vectors in the Raman data. [b] PC1 vs. PC2 clusterplot showing support vectors in
the OCT data. [c] PC1 of Raman data vs. PC1 of OCT data clusterplot showing support vectors for
the combined dataset. [d] PC1 of Raman data vs. PC1 of OCT data clusterplot of the combined
dataset where the data points corresponds to the “mix” samples are plotted.
The representative OCT image shown in Figure 62 demonstrates that there are
some morphological differences between the two tissue types. However considering the
inter-patient variability, visual examination alone of these images would be too
subjective in order to make a reliable diagnosis. This is also evident from the sensitivity
and specificity obtained from the texture analysis of OCT data which were 78% and
74% respectively. Figure 64b shows the cluster plot of first two PCs obtained from the
texture parameters for the two tissue types along with the support vector that
discriminates the two tissue types.
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Table 4: Comparison of sensitivity and specificity of the classifier in with data acquired from each
modality.
Sensitivity Specificity Accuracy
Raman 89% 77% 82%
OCT 78% 74% 75%
Combined 94% 94% 94%
When multi-modal information was considered, where Raman spectroscopy and
OCT information were combined, 94% sensitivity and 94% specificity were obtained
respectively. Figure 64b shows the cluster plot, where the first PCs of each modality
were plotted against each other along with the support vector that discriminates the two
tissue types.
Histological evaluation revealed that a number of tissue samples contained a mix
of both normal and tumour tissues. Figure 64d shows a cluster plot of the combined
dataset, where the first PCs of each modality were plotted against each other for the
‘’mix’’ sample as well. It can be seen that the “mix” sample clustered close to the
intersection of normal and tumour samples.
7.3 Conclusion
Previous studies have shown that both Raman spectroscopy and OCT are
powerful techniques capable of detecting cancers and pre-cancers122, 151. However it is
essential to assess the accuracy of these techniques so that they may be used as a reliable
tool for clinical diagnostics. In that context, it is very important to consider inter-patient
variability in regards to both spectral and morphological information148. Although
previous studies demonstrated very high sensitivity and specificity in tissue
discrimination147, our observations revealed that inter-patient variability may reduce
these numbers when implemented for practical applications. This is where multi-modal
approaches that provide complementary information become relevant. Combination of
OCT and Raman has been proposed as a potential multi-modal tool for disease
diagnosis137, 138.
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When combining Raman spectroscopy and OCT, there are two major challenges.
One is combining the hardware and the other is combining the information acquired
from both of these modalities. This study attempted to address the method by which
information from both modalities could be combined. This main challenge to this study
was the consideration that the representations of the information from these two
modalities are significantly different. Raman spectra need to be quantified to obtain
useful inferences, while conventionally the OCT images are visually analysed. The
approach taken in this study to combine these two modalities was to quantify the OCT
images using texture analysis. The texture information obtained from OCT could be
readily combined with the spectral information from Raman spectroscopy.
The sensitivity and specificity of the classifier saw a greater than 10% increase
when multi-modal information was used for tissue discrimination as opposed to using
single modality. This shows the potential of combining Raman spectroscopy and OCT
for implementing reliable, optical diagnostic systems. While colon tissue samples were
used in this study, it would be possible to extend such approaches for discriminating
other tissue types as well.
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8. Novel Fibre Raman Probes for Interventional
Magnetic Resonance Imaging
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9. Conclusion and Future Outlook
9.1 Summary of the thesis
The study presented in this thesis focuses on shaping biomedical Raman
spectroscopy for clinical studies. The high specificity of this vibrational spectroscopic
technique along with its non-invasive label free nature has enabled its utilisation for bio-
medicine. However, Raman spectroscopy is limited by the inherent weak Raman cross-
section in comparison to other process happening in the same spectral window making it
less practical in a clinical environment. Practically there are two main factors that need
to be addressed to enhance the potential of Raman spectroscopy in bio-medicine. One is
the background fluorescence and the other is the sensitivity. Apart from this aspect, the
thesis focuses on designing novel fiber based Raman probes that would suit clinical
environment.
The basics of Raman spectroscopy and its relevance in biology is covered in
chapter 2. The chapter gives a review of the various adaptations of Raman spectroscopic
technique to suit applications in biology. The chapter address the issue of fluorescence
and the need to suppress it. The various techniques that have been used in the past to
suppress fluorescence in discussed in detail to shed light on the existing fluorescence
suppression techniques. Further, a theoretical discussion of WMRS is detailed, along
with an elaborate discussion on the multivariate technique (PCA) which is used to
extract the Raman information in WMRS. Detailed discussion on the aspects of
constructing both free space and fiber based systems are also addressed.
The next chapter, chapter 3 dealt with the discussion of the systematic
optimisation procedure of WMRS. The chapter focuses on optimising the different
parameters of WMRS individually so as to enhance the SNR and hence bring down the
effective total time spent on a single cell during Raman acquisition. The SNR of the
Raman bands was found to be depended on the modulation amplitude, time constant and
total acquisition time. It was also noted that the sampling rate does not influence the
SNR of the Raman bands if three or more wavelengths are sampled. With these
optimised parameters the binary classification of normal human urothelial cells and
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bladder cancer cells were carried out with successfully lowering the total acquisition
time to as low as 6 s.
As a next step, chapter 4 focused on the applicability of WMRS on fiber based
Raman systems. Endoscope like probes play a major role in both in vivo and ex vivo
tissue studies hence demonstrating WMRS in such an environment is crucial. Such a
system yields additional background from the fiber material themselves. This chapter
demonstrated the feasibility of WMRS in such an environment where bovine bone
tissues were used for the validation. WMRS was validated on fiber probes of varying
pigtail lengths. The chapter demonstrated a novel algorithm that can be used to tackle the
fluctuation due to photobleaching and power fluctuation simultaneously. Finally, the
feasibility of WMRS on other tissue types such as adipose tissues derived from different
species was also validated.
Chapter 5 explored the feasibility of combining WMRS with ultra-
sensitive single molecule detection technique such as SERS and SERRS. In the of
SE(R)RS the huge continuum of background emission along with the enhanced Raman
signal is a hot area under study. The source of this background is debatable to date and
suppressing this is considered important for the translation of this technique for
commercialisation. In this chapter we demonstrated the capability of WMRs in
suppressing this background generated in SE(R)RS. This study was validated on
different SERS substrate thus demonstrating substrate independent background
suppression. Apart from background suppression this techniques helped in enhancing the
SNR of the SERS signal.
The practical application of WMRS was achieved in chapter 6, where WMRS
was used to identify major immune cell subsets. Identifying immune cell subsets play an
important role in monitoring the status of the immune system of our body. Classically,
immune cells are identified using staining methodologies involving fluorescent-coupled
antibodies. This chapter demonstrates the feasibility of using WMRS as an ultra-
sensitive label free method to distinguish between immune cell types, where untouched
and unfixed purified populations of CD4+CD3+ and CD8+CD3+ T lymphocyte subsets,
and CD56+CD3- natural killer cells with high specificity. Further, the technique was
demonstrated to identify unique Raman signatures that allowed discrimination between
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dendritic cell subsets, comprising CD303+CD45+ plasmacytoid and CD1c+CD141+
myeloid dendritic cells.
The next chapter, chapter 7 takes a multimodal approach where Raman
spectroscopy is combined with OCT to enhance the accuracy of detection. This
combination was used to demonstrate the discrimination between colon tissue and
colonic adenocarcinoma. This discrimination was achieved by combining the
information from the Raman spectroscopy and OCT. Raman spectroscopy and OCT
provides complimentary information from tissues. While the former provides
information about the chemical composition of tissues, the latter provides morphological
information of tissue in depth with a resolution of ~ 10 µm. Although both of these non-
invasive techniques have proved to be capable of discriminating between normal and
tumour tissue types, one technique alone may not be able to provide high specificity and
sensitivity that is required in tissue discrimination problems. Hence a combination of
these two techniques was adopted to demonstrate a 10% enhancement in sensitivity and
specificity.
Chapter 8 demonstrated a novel design and implementation of fiber based Raman
probes which are compatible in a clinical environment. This chapter demonstrated the
design of the novel fiber based Raman sensor that can be used for bio-chemical sensing
of tissues during iMRI procedures. In contrast to the commercially available fiber
Raman probes which are not compatible with the difficult MR environment, the probe
developed in this study demonstrated compatibility with MR environment not just with
the high magnetic field but also in terms of the sterility, compatibility with biopsy
needles, sufficient pigtail length for access from the control room etc. Finally, the
performance of the Raman probe has been systematically evaluated and found to be
suitable for obtaining bio-chemical information from tissue samples.
9.2 Future Outlook
This section holds discussion on the future outlook for each of the chapters based
on the recent developments the technique has attained. The thesis in general looked at
combining advanced methods such as fluorescence suppression technique (WMRS),
135
imaging techniques (OCT, MRI) with Raman spectroscopy in order to enhance the
sensitivity of the technique to suite bio-medical applications. Novel design to develop
fiber based Raman probes for surgical environment is addressed in this thesis, which
would take this technique to the next level where it can be practical in a clinical
environment. The following sections will now discuss on the new directions each of
these works can take in the future.
9.2.1 Raman Flow-Cytometer and Ultra-sensitive Raman based Haemogram
The systematic procedure demonstrated in chapter 3 for optimising the various
parameters of WMRS for biological samples, yielded a total acquisition time as low as 6
s. This now holds promises for utilising WMRS for high throughput cell screening
studies. Raman spectroscopy in the past has been successfully combined with a
microfluidic set-up. This implies that combining microfluidics with WMRS is a feasible
step which could then be extended towards a Raman based flow cytometer system.
Figure 73: A prototype of the Raman Flow Cytometer162.
With the high sensitivity of WMRS it might be possible to identify and sort cells
efficiently with relatively lower acquisition times. Some of the interesting application for
such a Raman based flow cytometer would be to sort cells derived from body fluids such
as urine, blood and saliva to quickly identify abnormal cells from the normal. An artist’s
impression of such as flow cytometer is showed in Figure 73. The ex-vivo diagnosis of
body fluids could thus be a quick method for identifying the disease state of the body.
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Chapter 6 demonstrated the practical use of WMRS in identifying and
discriminating immune subsets. Traditionally immune cells are identified using staining
methods that pose the risk of activating them. The process of identifying and sorting
them traditionally takes long time along with compromising the purity of the sorted
cells. WMRS provides a powerful label-free untouched alternative for the same with the
time spend being orders of magnitude lower compared to the currently established
methods. In this context the next step would be to sort white blood cells in a high
throughput microfluidics based Raman system to act as a ultra-sensitive label free
Haemogram. It has been observed in the field of immunological studies that certain
immune cell subsets which are produced in certain humans are not found in others. The
understanding of these cells could lead to the better understanding of the human immune
system and specific diseases.
9.2.2 Fiber Raman Probes for clinics
Chapter 4 demonstrated the feasibility of combining WMRS on fiber Raman
based systems by effectively suppressing the fluorescence background both from the
sample and the fiber probe themselves. Additionally WMRS demonstrated its ability to
suppress ambient light while acquiring Raman signal. This implies that this system is
now ready for a clinical environment. Chapter 8 dealt with novel fiber probe designs to
suit surgical environment. The novel design had several features which makes it
attractive for practical use in a clinic. The smaller dimension of the probe head makes it
compatible with the surgical needles, the disposable nature of the probe head is ideal to
keep it sterile, additionally the relatively longer pig tail of the probe makes it patient
friendly by allowing the patient to stay away from devices during diagnosis. These
advancements now call for applying this probe for real time applications. In the first
stage this probe could be used on animal models where tumour margin identification,
biopsy/surgery within a MR environment can be a feasible application. The second stage
would be to shape this probe for WMRS such that this would allow the ambient lights to
be left intact while both the MR measurements and Raman measurements are being
acquired. With these advancements the probe should be ready to be used for humans.
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Also, commercialisation of this probe will be an important step for the wider uptake of
this technology.
9.2.3 WM-SERS for single molecule detection
SERS is considered a very effective form of Raman spectroscopy, its potential in
enhancing the Raman signal is already being tapped for single molecule detection. The
technique has already hit the market and SERS based sensors are already commercially
available. However, the major problems that the SERS community is trying to address is
the reproducibility of the SERS signal irrespective of the substrate and suppressing the
giant background that appear superimposed with the SERS signal. Chapter 5 addressed
the second part of the problem, which is the background in SERS. With the proof of
principle demonstration, it should now be possible to use WM-SERS for single molecule
detection such as the nucleotides in the DNA sequence, effectively in the future. Also,
fluctuation in the background is one other variation observed in the standard SERS
spectra which affect the reproducibility and utility for quantification and automation.
With WM-SERS it would be possible to demonstrate quantification and automation of
the SERS signal. Further, WM-SERS has potential to replace the already existing SERS
based sensors such as the ones used for explosive detection in airports.
9.2.4 Multi-modal systems for disease diagnosis
Chapter 7 demonstrated the importance of combining advanced imaging methods
such as OCT with Raman spectroscopy to enhance the accuracy of detection. It should
be noted that for biological samples such as colon tissues that give broader Raman
bands, it is very challenging to implement fluorescence suppression techniques such as
WMRS to enhance the accuracy of detection. This is essentially because of the demand
for higher modulation amplitudes. Currently the modulation amplitude is constrained by
the mode-hop free region limitation, betterment of this technical issue could help
addressing such issues however it should also be noted that very high modulation
amplitude is not desirable since this could then allow a change in the fluorescence
background as well breaking the criteria for WMRS. Hence higher modulation
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amplitude is a trade-off and practically it is the multimodal approach which could help in
such situations. The next step in this direction would be to develop combined fiber based
probes for OCT and Raman there by allowing co-registration of both the signals from
the same spot. This could yield point based analysis of a sample and hence higher
accuracy rates. The proof of principle study demonstrated in chapter 7 can be further
taken to the next level where this combination can be applied on animal models to
demonstrate the practicality of this approach.
9.3 Conclusion
The integration of the advanced methods to bio-medical Raman spectroscopy as
described in the thesis can be an effective tool for solving biological problems. In order
for bio-medical Raman spectroscopy to mature from a proof of principle level, it is
crucial to rigorously take these advanced techniques to clinics. Miniaturisation of all
these techniques is important to realise portability thereby ensuring any practical use to
the end-user. Integration with Lab-on-Chip technologies is an essential step to push the
technology for useful applications and consequently towards commercialisation. Raman
flow cytometer, Raman based Haemogram and Raman based clinical probes are next
major steps that could place the powerful biomedical Raman spectroscopy in the tool kit
of a clinician.
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Appendix I - Cell Culture and Sample Preparation
Normal Human Urothelial Cells (SV-HUC-1) & Bladder Cancer Cells
(MGH-U1)
The Normal Human Urothelial Cells (SV-HUC-1) had been immortalised by
transformation with simian virus 40 (SV40)163. SV-HUC-1 were cultured in the medium
consisting of F-12 nutrient mixture with L-glutamine (Ham - GIBCO 21765), with added
human insulin 5 μg/ml, hydrocortisone 1 μg/ml, transferrin 5 μg/ml, glucose 2.7 mg/ml 
(Sigma), non-essential amino acids 0.1 mM (Gibco), penicillin 100 μg/ml, streptomycin 
100 units/ml (Sigma) and fetal calf serum 1% (Globepharm).
A cell line derived from a recurrent human bladder tumour (MGH-U1) was
maintained in long-term culture164. MGH-U1 cells were cultured in the medium
containing, GIBCO D - MEM:F12 (1:1) with added fetal calf serum 7% (Globepharm),
penicillin 100 μg/ml, L-glutamine 2 mM and streptomycin 100 units/ml (Sigma). These 
cell samples were fixed in 70 % alcohol and stored at 40 C.
The extraction of the sample for Raman measurement required cleansing the cells
to completely remove the alcohol fixative since alcohol has a strong Raman signal and
may interfere with the Raman signature of the cells during Raman acquisition. Once the
cells are washed they are then suspended in DPBS (Dulbecco's Phosphate-Buffered
Saline). The steps involved in the extraction of the sample from the fixative and the
suspension of the sample in DPBS is given in the following section:
 Gently vortex sample to allow suspension
 Add 14 ml DPBS in a centrifuge tube
 Add adequate amount of the fixed sample to the centrifuge tube
 Spin at 800 rpm for 10 min, Remove the supernatant and gently vortex the pellet
and add fresh DPBS. Repeat this twice.
 Transfer the extracted cells to the 1.5 ml eppendorf tube, add more DPBS
 Spin at 1000 rpm for 10 min
 Remove the supernatant and gently vortex the pellet before the final sample
preparation for Raman measurements.
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Appendix II - Matlab code for the simultaneous
correction of power fluctuation and photobleaching
%% Correction for power fluctuation and photobleaching
% X is an n-by-p matrix, with rows corresponding to pixels (Wavelength) and
columns % to spectrum
s2=size(X,1);
noise_reg=X(noise_pos-5:noise_pos+5,:);
% noise_pos is a pixel around which noise region is selected
noise_reg=mean(noise_reg);
x=1:size(noise_reg,2);
pr=polyfit(x,noise_reg,2); % Fitting 2nd order polynomial
p_val=polyval(pr,x);
noise_reg=(noise_reg-p_val)+pr(end); %Subtracting polynomial fit
noise_corr=noise_reg./noise_reg(floor(s1/2));
%Intensity fluctuation correction factors
X=X./repmat(noise_corr,s2,1); % Correcting whole dataset for intensity fluctuations
x=1:s1;
for i=1:s2
pr=polyfit(x,X(i,:),3);
p_val=polyval(pr,x);
X(i,:)=(X(i,:)-p_val)+pr(end); % Correcting for photobleaching effect
end
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Appendix III - Sphere Segmented Void Preparation
Procedure
These substrates were fabricated and provided by Dr. Sumeet Mahajan,
Cavendish Laboratory, Cambridge. Briefly substrates for template electrodeposition
were prepared by evaporating 10 nm of chromium followed by 200 nm of gold onto 1
mm thick glass microscope slides. These flat gold surfaces were cleaned by sonication in
isopropanol for 30 min, rinsed in deionised water and dried. These were then dipped in a
10 mM ethanol solution of cysteamine for at least 48 h. 1% polystyrene spheres
(Thermo-Fisher) used as particle standards were self-assembled on the above prepared
surface to yield an ordered monolayer of spheres, which served as a template for
electrodeposition.
For this study templates with 400nm, 500nm and 800nm diameter spheres were
prepared. The electrodeposition was performed at room temperature with an Autolab
PGSTAT30 potentiostat with saturated calomel electrode (SCE) as the reference. The
template covered gold surface served as the working electrode against a platinum mesh
counter electrode. Gold was deposited from a commercial cyanide-free gold plating
solution (ECF 60, Metalor) to which an additive (Brightener E3, Metalor) was added at
the ratio of 1:200 v/v.
To fabricate samples with varying thickness (referred to as a graded sample) a
rectangular area of the structure was exposed and the sample was withdrawn from the
electroplating solution in 1 mm steps. A pre-calculated charge was passed to obtain
desired thickness on application of an electrodeposition pulse at -0.73 V. In this way a
sample with a gradient of thicknesses was obtained on the same sample. Thereafter
polymer spheres were dissolved in DMF by sonication for 30 min.
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Appendix IV - Immunological Cell Preparation and
Characterization
Preparation of Peripheral Blood Mononuclear Cells (PBMC) and separation
of lymphocyte subtypes CD4+, CD8+ T cells, NK cells, plasmacytoid and myeloid
dendritic cells
Blood was taken after informed written consent, from a healthy male donor, with
the approval of the University of St Andrews Teaching and Research Ethical Committee
(UTREC). PBMC were isolated by centrifugation over Histopaque (Sigma, Poole, UK)
and cells washed twice with 1 x PBS/0.1% BSA. Specific leukocyte subtypes were
isolated using Dynabeads® Untouched™ Human CD4 T Cell Kit (depleting antibodies:
anti-CD8, CD14, CD16a, CD16b, CD19, CD36, CD56, CD123 and CD235a) /
Dynabeads® Untouched™ Human CD8 T cell kit (depleting antibodies: anti-CD4,
CD14, CD16a, CD16b, CD19, CD36, CD56, CD123 and CD235a)/ Dynabeads®
Untouched™ Human NK cell kit (depleting antibodies: anti- CD3, CD14, CD36, HLA
Class II, CD123 and CD235a) (Life Technologies, Paisley, UK). Dendritic cells were
isolated using MACS plasmacytoid dendritic cell isolation kit II and MACS myeloid
dendritic cell isolation kit (Miltenyi Biotec, Bisley, UK).
Cell Surface Staining
Cells were blocked in a filtered solution of 50% PFN buffer (1 x PBS/2% foetal
bovine serum/0.1% sodium azide):50% human plasma and cell surface stained with
FITC conjugated anti-human CD3; PE conjugated anti-human CD4; PE conjugated anti-
human CD8; PE conjugated anti-human CD56; PE conjugated anti-human CD45; APC
conjugated anti-human CD303; APC conjugated anti-human CD1c (ebiosciences,
Hatfield, UK) and FITC conjugated anti-human CD141 (Abcam, Cambridge, UK).
Samples were analysed on a Guava easyCyte HT system (Millipore, Hayward, USA)
using GuavaSoft software version 2.5 (BD Biosciences, Oxford, UK).
143
Functional Assays:
IL-2 Assay: 80,000 CD4+ T cells were incubated with or without 0.5 µl Human
T-Activator CD3/CD28 Dynabeads® (Life Technologies, Paisley, UK) and left at 37oC
in a 5% CO2 incubator overnight. The supernatant was the assayed using Human IL-2
ELISA Kit (Life Technologies, Paisley, UK).
IFN-γ ELISPOT Assay: IFN-γ was assayed using Human IFN-γ alkaline 
phosphatase conjugated ELISPOT kit (MABTECH, Nacka Strand, Sweden). 200,000
PBMC and untouched CD8+ T cells were incubated with 10 µg/ml of the HLA-A11
restricted EBV peptide AVFDRKSDAK at 37oC in a 5% CO2 incubator for 48 hours.
CD107a Degranulation Assay: 100,000 NK cells were incubated with or
without 10,000 MHC class I deficient 721.221 cells for 6 hours at 37oC in a 5% CO2
incubator. After the first hour, 2 µl of FITC conjugated CD107a (ebioscience, Hatfield,
UK) was added to samples. Samples were blocked, washed and analysed by flow
cytometry as above.
Flowcytometry Characterisation:
Negative depletion of peripheral blood mononuclear cells (PBMC) with
monoclonal antibodies was used to obtain untouched populations of lymphocytes and
dendritic cells. The purified lymphocyte subsets were characterised by flow cytometry
and also tested for activities commensurate with their phenotype. Thus CD4+CD3+ T
lymphocytes (at 96% purity) were obtained, which secreted high levels of IL-2 after
incubation with magnetic beads coupled with anti-CD3 and CD28 antibodies (Figure 53a
and b).
CD8+CD3+ T lymphocytes (at 77% purity) were incubated with an HLA-A11
binding EBV viral peptide which induced IFNγ secretion from both PBMC and at 
significantly higher numbers in purified cells in an ELISPOT assay (Figure 53c and d).
CD56+CD3- natural killer (NK) cells (the majority of NK cells normally possess a
CD56low phenotype in healthy individuals) were obtained at 80% purity (Figure 53e),
and upon incubation with MHC class I deficient .221 cells increased cell surface
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expression of CD107a from 1% in control cells to 17%, indicating degranulation in
response to the absence of an inhibitory ligand in the form of MHC class I molecules
(Figure 53f). CD303+CD45+ plasmacytoid (also known as lymphoid) DCs were
obtained at 93% purity and CD1c+CD141+ myeloid DC were obtained at 78% purity
(Figure 53g and h).
Figure 74: Characterisation of purified lymphocyte subsets and dendritic cells: A. CD3/CD4 cell
surface staining of CD4+CD3+ T cell isolates; B. IL-2 assay of CD4+CD3+ T cell isolates +/-
CD3/CD28 activation; C. CD3/CD8 cell surface staining of CD8+CD3+ T cell isolates; D. IFN-γ 
ELISPOT of PBMC and CD8+CD3+ T cell isolates +/- EBV derived peptide AVFDRKSDAK; E.
CD3/CD56 cell surface staining of NK cell isolates; F. NK cell degranulation assay - CD107a cell
surface staining of NK cell isolates without (left panel) or with (right panel) MHC deficient .221 cells
at a 10:1 ratio; G. CD45/CD303 cell surface staining of plasmacytoid dendritic cell isolates; H.
CD141/CD1c cell surface staining of myeloid dendritic cell isolates.
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Appendix V - Typical Raman band assignments for
single cells
Peak position
(cm-1)
DNA/RNA Proteins Lipids Carbohydrates
621 C-C twist Phe
645 C-C twist Tyr
667 T,G
717 CN+(CH3)3 Str
729 A
760 Ring breath Trp
782 U, C, T ring br
788 O-P-O str DNA
811 O-P-O str RNA
828 O-P-O asym str Ring br Tyr
854 Ring br Tyr
877 C-C-N+ sym str C-O-C ring
937 C-C BK str α-helix C-O-C glycos
980  C-C BK str β-sheet =CH bend  
1005 Sym ring br Phe
1033 C-H in-plane Phe
1095-1060 PO-2 str Chain C-C str C-O,C-C str
1128 C-N str C-O str
1158 C-C,C-N str
1176 C-H bend Tyr
1209 C-C6H5 str Phe,
Trp
1284-1220 T,A Amide III =CH bend
1300 CH2 twist
1320 G CH def CH def
1342 A,G CH def CH def
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1480-1420 G,A, CH def CH def CH def CH def
1578 G,A
1607 C=C Phe,Trp
1617 C=C Tyr, Trp
1680-1655 Amide I C=C str
1736 C=0 ester
str – stretching, sym – symmetric, asym – asymmetric, def – deformation, br- breathing, A –
adenine, G – guanine, C – cytosine, T – thymine, phe – phenylalanine, Trp – tryptophan, Tyr -
Tyrosine.
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